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ABSTRACT
Extensive research in both humans and animals has identified and isolated distinct
brain regions essential for different types of memory, supporting the notion of multiple
memory systems (MMS). The hippocampus and the striatum are the two systems that have
been studied widely and are the focus of our studies. Research involving lesion and
pharmacologic manipulations on both memory systems show strong evidence for
independence. However, recent evidence suggests that both memory systems can interact as
well. Though evidence point also in favor interactions, the mechanisms under which these
systems interact are unknown. The experiments in this dissertation primarily focused on
understanding how these two systems operate in a normally functioning brain. Two methods
were used to investigate our notions: I) Behavioral experiment measured cellular changes in
the levels of phosphorylated CREB (pCREB) in the regions of interest (ROI) 2) Somatic
experiments measured changes in the behavior following manipulation ofCREB selectively
in the ROI. Overall, these experiments demonstrate CREB as a critical neuronal marker that
can be used in both interventions. Behavioral intervention experiment showed evidence as a
plasticity related changes in the levels of pCREB that suggested both the hippocampus and
the striatum might act in a competitive manner, bidirectionally. The somatic intervention
experiments used lentiviral (LV) vectors and showed evidence that LV CREB manipulations
are suitable for chronic stable expression and can be used to investigate multiple tasks
following a single manipulation. LV mutant CREB in the hippocampus impaired memory
across two different hippocampus-dependent tasks and demonstrated that CREB is critical for
long term memory. Overexpression of wild type CREB in the striatum enhanced striatal
memory, but also showed evidence for hippocampus competition and cooperation. Similarly,
CREB overexpressed in the hippocampus of young and middle-aged rats demonstrate that
CREB might be a rate limiting factor in young, but not in the middle-aged rats.
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I. INTRODUCTION
Extensive research in both humans and animals has identified and isolated distinct
brain regions essential for different types of memory (Milner, Squire, and Kandel, 1998;
Eichenbaum & Cohen, 2001), supporting the notion of Multiple Memory Systems
(MMS). Among the several identified memory systems, the two systems which have been
studied widely and also the focus of this dissertation are the hippocampus and the
striatum. Extensive and repeated works from studies involving these two memory
systems using lesion (Packard & McGaugh, 1992; McDonald & White, 1993; 1994) and
pharmacologic manipulations (Packard & White, 1991; Packard, Cahill, & McGaugh,
1994; Packard & Teather, 1997; 1999) have demonstrated the hippocampus and the
striatum to be two different and independent memory systems that are specialized for
processing and storing different types of memories. However, evidence has begun to
appear in the past decade demonstrating that memory systems might not be independent
but rather be interactive. Interactions among multiple memory systems can be
competitive (Chang and Gold, 2003a; Schroeder et al 2002), cooperative (McIntyre,
Marriott, & Gold, 2003) or in temporal sequence (Chang & Gold 2003b; Pittenger et al.,
2006). Although evidence started accumulating for interactions among multiple memory
systems, the conditions under which these systems interact are poorly understood. In
addition, it is not known during which phase (memory formation or recall or both) of
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information processing that interaction takes place among multiple memory systems.
Though most evidence for independence and interaction between memory systems is
shown by lesion or pharmacologic manipulation studies, it is important to note, that there
might still be evidence of plasticity related changes taking place in the damaged brain
region which cannot be revealed when there is damage to one memory system. Though
evidence for interaction exists among different brain structures (subcortical – subcortical,
subcortical – cortical), this dissertation will primarily focus on understanding how the
two sub-cortical structures--the hippocampus and the striatum--operate in an intact,
normally functioning brain. Two methods were used in the experiments that follow: 1)
Behavioral intervention: This method measured cellular changes in the levels of activated
transcription factor CREB in the hippocampus and the striatum following behavioral
training. It gave the advantage to measure plasticity-related changes in one or more brain
regions that occur during different stages of information processing (during memory
formation or recall) by manipulating the behavior. 2) Somatic intervention: This method
measured changes in the behavior following manipulation of the transcription factor
CREB selectively in either the hippocampus or in the striatum. In this method,
chronically expressing lentiviral vectors were used to overexpress wild type CREB or
express mutant CREB selectively in a brain region to study its behavioral effects that are
dependent on the same or on a different memory system with no damage to any brain
structures. The chronic expression of the lentivirus vectors gave the advantage to measure
one or more behavior at different time intervals in the same group of animals, thus giving
an opportunity to test multiple memory system hypotheses in an intact, normally
functioning brain. The research described in this thesis builds on our current knowledge
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of how the two subcortical structures, the hippocampus and the striatum operate during
memory formation.
A) Memory systems of the brain
1) Localization vs. Distribution of memory
Since the beginning of the twentieth century scientists have searched for sites of
memory storage in the brain. Karl Lashley was the first person who made an attempt to
determine experimentally the extent to which memory was localized in the brain. He
trained rats to find their way through mazes of varying complexity, and then surgically
lesioned small areas of cerebral cortex in attempts to erase what he called the “engram”
or the original memory trace. After recovery, the rats were tested to see how much of
their training they had retained. Over a period of time he systematically lesioned different
regions of the cortex in trained rats in a series of experiments. Although memory was
related to the size of the lesion, the experimental animals were still able to find their way
through the maze, no matter where he placed the cortical lesions on their brain. Based on
these works, he concluded that the severity of memory impairment for maze learning
correlated to the volume of the cortex removed and not to the location of lesion in the
brain (Lashley, 1931). In 1950, He concluded that memories are not stored in any single
area of the brain, but are widely distributed within functional areas of cortex (Lashley,
1950 ).
Although Lashley’s work in rodents did not support the notion of localization,
experimental work in humans paved the way to the notion of memory localization. A
major scientific breakthrough happened in 1957, when Scoville and Milner made a report
on a patient named Henry Molaison, best known to the scientific world by his initials (H.
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M.). This patient had a chronic debilitating seizure disorder for several years and attempts
to control the seizures with antiepileptic drugs were unsuccessful, leading to an
experimental surgical procedure designed to relieve his seizure disorder. In this
procedure, Scoville performed an experimental surgical removal of the medial temporal
lobe including the hippocampus, uncus, parahippocampal cortex and amygdala in patient
H. M. After the surgery, even though his seizure disorder was reduced and well
controlled by medication, he lost the ability to form certain kinds of new memories
(called anterograde amnesia), but retained an intact short-term memory (Scoville &
Milner, 1957). The inability to form certain kinds of new memories was thought to be
due to removal of medial temporal lobe structures including the hippocampus. The ability
to form normal perception and cognition with impairment only to memory clearly
suggested that these processes were handled by different brain structures. The pattern of
deficit reported in H.M. paved the way for researchers to conclude that the hippocampus
is critical for the formation of new long-term memories. The discovery that a human
amnesic syndrome resulted following the removal of the medial temporal lobes sparked
immense interest in the possible role of this brain region in learning and memory. After
this breakthrough discovery, a major leap happened in the search for the memory trace
among scientists from investigating cortical brain regions to subcortical brain regions.
The idea that memory can be characterized into more than one type arguably
began when Milner made a significant discovery that the patient H. M could learn to
trace the outline of a star in a mirror and showed day to day improvement comparable to
a normal person. This occurred while H. M. was totally unaware of ever having
performed the task (Milner, Taylor, & Sperry, 1968). In this experiment, Milner provided
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experimental evidence that there exists more than one kind of memory; one of which is
independent of the medial temporal lobe structure. This finding supported the concept of
multiple memory systems within the brain and stimulated an enormous body of research.
During the early 1970’s, memory was classified in two ways one being motor skill
memory and the other included the remainder of memory as one single type, which was
impaired in amnesic patients with medial temporal damage like H.M. Subsequently,
based on experimental work with normal adult humans, amnesic patients and
experimental animals, memory classification moved beyond motor skill in many ways:
“declarative” versus “procedural” (Cohen & Squire, 1980), “episodic” versus “semantic”
(Tulving, 1983), “explicit” versus “implicit” (Graf & Schacter, 1985), “locale” versus
“taxon” (O'Keefe & Nadel, 1978), “working” versus “reference” (Olton, Becker, &
Handelmann, 1979), and “allocentric” versus “egocentric” (Cook & Kesner, 1988). All of
the above classifications basically differentiated hippocampus-dependent from
hippocampus-independent memory, respectively.

Figure 1.1 Classification of long-term memory
One widely cited scheme of classifying memory includes hippocampus-dependent
declarative memory, or explicit memory; the other is hippocampus independent non-
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declarative memory or implicit memory (Cohen & Squire, 1980). Declarative memory is
our conscious memory for facts and events (Squire, 1987; Squire & Zola, 1997; Tulving
& Schacter, 1990), which can be further separated into episodic and semantic memories
(Tulving, 1993). In declarative memory, storage of different aspects of memories occurs
in different locations; the hippocampus plays a role in processing information which is
stored in the association cortex. Non-declarative memory is a type of memory in which
previous experiences aid in the performance of a task without conscious awareness of
those previous experiences (Schacter, 1987). It includes procedural memory (skill and
habit) and others types which include priming, classical conditioning and non-associative
learning (Graf & Schacter, 1985; Squire & Zola, 1997). Non-declarative memory
involves different brain regions including striatum, amygdala, cerebellum, and reflex
pathways; in this thesis, two memory systems are investigated: the hippocampus and the
striatum.

2) Hippocampus-dependent memory system
a) Anatomy of the Hippocampus
The hippocampus subdivision with its major afferent and efferent connections is
briefly reviewed below. The hippocampus consists of two cell regions; Amon’s horn is
made up of pyramidal cells and consists of Cornu Ammonis (CA) CA1-CA3, and the
Dentate Gyrus (DG) is made up of granule cells. The major sensory input flows into the
hippocampus via the entorhinal cortex through the perforant path that synapses with DG
granule cells. The axons of the granule cells, called mossy fibers, innervate CA3
pyramidal cells that send axons to area CA1 as the schaeffer-collateral path. This
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unidirectional three point circuit is called the trisynaptic circuit. From CA1 information
exits the hippocampus via the entorhinal cortex and subiculum (Amaral & Witter, 1989).
In this dissertation, phosphorylated CREB (pCREB) staining was used as a molecular
marker to examine cellular changes in the CA1, CA3 and DG of the dorsal hippocampus.

Figure 1.2 Hippocampal network
The hippocampus receives its major afferent connections from multiple higherorder neocortical sensory areas and association areas passing through entorhinal and
parahippocampal areas providing multimodal sensory information as well as combined
sensory, motor and limbic information. The major efferent from hippocampus is
projected back to the entorhinal cortex and to the multiple neocortical processing areas
(for review see (Eichenbaum, 2000). Although considered as a single integrated unit,
there is evidence that the hippocampus is functionally separable along its dorsoventral
(septo-temporal) axis (Moser & Moser, 1998). In specific, dorsal (septal) hippocampus
receives fibers from a lateral portion of the entorhinal cortex, whereas the ventral
(temporal) hippocampus receives fibers from medial portion (Ruth, Collier, &
Routtenberg, 1982; Witter & Groenewegen, 1984). Dorsal hippocampus predominantly
receives information from visual, auditory and somatosensory association areas and from
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olfactory bulb by projecting through lateral entorhinal areas either directly or relayed
through the perirhinal cortex (Room & Groenewegen, 1986; Van Hoesen & Pandya,
1975). Sensory signals needed for learning a spatial task are better served in the dorsal
hippocampus. The critical role of dorsal hippocampus in spatial learning was supported
by lesion studies which indicated that spatial learning capacity appears related to the
volume of the damaged dorsal hippocampus. In order to produce a spatial learning deficit
the dorsal hippocampus lesion should be larger than 20% of the total hippocampus
volume (Moser, Moser, & Andersen, 1993). This topography is further supported by a
study demonstrating that dorsal hippocampus lesions severely impaired the formation of
spatial memory and is as effective as complete lesions of the hippocampus. Whereas rats
with ventral lesions performed at a level comparable to sham and unoperated control
groups (Pothuizen, Zhang, Jongen-Relo, Feldon, & Yee, 2004). The ventral third of the
hippocampus is more densely connected to the subcortical structures and involved in the
ingestive behaviors (Petrovich, Canteras, & Swanson, 2001), suggesting a functional
dissociation between the dorsal and ventral regions of the hippocampus.

b) Types of Hippocampus-dependent memory
After the discovery made by Scoville and Milner that a human amnesic syndrome
resulted following a surgical removal of medial temporal lobe, researchers began to
develop animal models of amnesia through lesions and pharmacological manipulations.
Several studies were initiated in the late-1960s examining the effects of hippocampus
damage and its role in various learning tasks. Early work by Mishkin (1978) and ZolaMorgan & Squire, (1984) demonstrated amnesia in non-human primates similar to that
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seen in humans. However, research with animal models often failed to reveal memory
deficits and produced an inconsistent report compared to human and non-human primate
studies. The failure to reveal consistent memory deficits in animal models following
hippocampus damage lead to the possibility that the damaged structures might be
involved only in specific types of memory. This idea was included in several dual
memory theories that were developed from studies of learning and memory in rats, which
essentially differentiated memory based on the hippocampus and non-hippocampus
memory systems (Hirsh, 1974; O'Keefe & Nadel, 1978; Olton et al., 1979).
There is a general agreement that in humans the hippocampus mediates
declarative memory. In animals that cannot declare the knowledge directly, studies
involving damage to the rat’s hippocampus demonstrated their inability to master a
spatial learning task; whereas they were less impaired in non-spatial learning tasks
(O'Keefe & Nadel, 1978). According to O’Keefe & Nadel, the hippocampus was
specifically dedicated to the construction and use of spatial maps of the environment.
They emphasized that damage to the hippocampus typically results in severe impairment
in most forms of spatial learning, while non-spatial learning impairment were less
common.
In 1979, David Olton and his colleagues proposed an alternative theory in which
the hippocampus was selectively engaged in behaviors that require working memory
rather than reference memory, and indicated that the hippocampus was similarly involved
whether the task required spatial or non-spatial test procedures. Working memory refers
to the capacity to remember trial-specific information. In the standard (win-shift) version
of the radial arm maze task all eight arms are baited. A food deprived rat is placed in the
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center of the maze and allowed to choose freely among the arms. Optimal performance
occurs when a rat chooses each baited arm once and does not re-enter any of the arms,
thus obtaining all the food in the minimum number of choices. In this task no single
stimulus is constantly paired with the correct food arm. The test incorporates both
working memory as well as reference memory component. The working memory
component includes the capacity to remember which arms it has entered and must
remember the choice it made for the duration of each trial. The reference memory
component includes the information the rat had learned during each trial and remembers
during the course of training, for example, information like there is a food pellet at end of
each arm; locomotion needs to be done to get the food and so on. Reference memory
refers to the ability to remember information that is constant across trials. In the radial
arm maze task if the baited arms are paired with a cue, and the baited arms are changed
between trials, a rat must remember that the cue always indicates a baited arm. For the
non-spatial version of this task, Olton and colleagues (1979) used a four-arm maze in
which the intramaze cues are made prominent by having a distinct set of tactile and visual
cues, and extramaze cues are diminished. Rats with damage to the hippocampus have
been shown to be impaired on working memory tasks but not reference memory tasks,
regardless of whether the nature of the task was spatial or non-spatial (See review (Olton
et al., 1979). Studies have demonstrated that the hippocampus is required to perform
spatial memory tasks such as water maze learning (Morris, Garrud, Rawlins, & O'Keefe,
1982; Sutherland, Whishaw, & Kolb, 1983) and radial-arm maze learning (Olton et al.,
1979), and non-spatial memory tasks including four-arm maze learning (Olton et al.,
1979), and socially transmitted food preference task (Alvarez, Wendelken, &
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Eichenbaum, 2002; Bunsey & Eichenbaum, 1995; Winocur, 1990). It is clear from
support presented above that the hippocampus is critical for working memory (Olton et
al., 1979) and plays a role in both spatial and non-spatial learning tasks.
In 1993, Cohen and Eichenbaum compared their theory of declarative and
procedural memory in humans with all other theories mentioned above and developed a
hypothesis consistent with findings from both animals and humans (Cohen &
Eichenbaum., 1993). According to their hypothesis the hippocampal system “processes
whatever critical relations among cues and events it finds in the environment”. Therefore,
hippocampus damage results in the inability to form new relationships among various
stimuli in the environment. Extensive research has shown that hippocampus damage
results in impaired acquisition of tasks that depend on both spatial (Morris et al., 1982;
Olton et al., 1979) and non-spatial memory (Bunsey & Eichenbaum, 1995; Olton et al.,
1979; Squire & Zola, 1997; Winocur, 1990). The anatomy and the role of striatum in
learning and memory are described below.

3. Striatum dependent memory system
a) Striatum Neuroanatomy and Connectivity
The caudate nucleus, putamen, olfactory tubercle and nucleus accumbens are
jointly called the striatum, which is one of the main structures of the basal ganglia (Wise,
1991). The term dorsal striatum or Caudate Putamen (CPu) complex is used frequently to
refer only to caudate nucleus and putamen (Webster, 1979). Heimer and Colleagues
subsequently adopted the term ventral striatum to distinguish the most ventral aspects of
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the striatum which includes the nucleus accumbens and a portion of the olfactory tubercle
(Heimer & Van Hoesen, 1979). Fig. 1.3

Figure 1.3: Striatal anatomy

The role of the mammalian dorsal striatum in learning and memory is discussed
below. The dorsal striatum in the rat can be subdivided into dorsolateral and dorsomedial
regions based on the type of information carried by the afferent projections to each
region. Neocortical somatosensory and motor areas project to the dorsolateral striatum
(Heimer, Zahm, & Alheid, 1995; Webster, 1961) which has been proposed to mediate
stimulus-response learning and motor activity (Featherstone & McDonald, 2004),
whereas visual, auditory and association cortices project to dorsomedial striatum
(Webster, 1961), and may process cognitive properties of learning similar to the
hippocampus (Devan & White, 1999). Studies have demonstrated that functionally
different regions exist within both dorsolateral and dorsomedial striatum. For example, in
dorsolateral striatum, the dorsal part receives information from motor cortices involved in
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controlling entire body and hindlimb whereas the ventral portion receives projections
from oral and forelimb movement. In dorsomedial striatum, again two groups of
projections can be distinguished: The prefrontal cortical projections spread over the entire
dorsomedial striatum. The posterior portion in addition receives significant input from
perirhinal and agranular insular regions, and smaller inputs from entorhinal cortex and
basolateral amygdala (McGeorge & Faull, 1987, 1989) suggesting that the posterior
dorsomedial striatum might be involved in spatially guided behaviors in rats (Yin &
Knowlton, 2004).

b) Types of striatum-dependent learning
In the paragraphs below, I describe the evidence obtained primarily over the past
two decades from studies using striatum lesions, pharmacological manipulations and
genetic approaches supporting a role for the striatum in mammalian learning and
memory. The hypothesis that the striatum mediates stimulus-response (S-R) habit
learning has gained support from studies in rodents (Graybiel, 1998; Kesner, Bolland, &
Dakis, 1993; McDonald & White, 1993; Packard, Hirsh, & White, 1989), monkeys
(Kimura, 1995) and humans (Knowlton, Mangels, & Squire, 1996). The selective role of
the dorsal striatum in S-R habit learning was tested by Packard using a dissociation
experiment in which two eight-arm radial mazes were used (Packard et al., 1989). In this
experiment, rats were subjected to hippocampus or striatum lesions and tested on either
the win-shift or win-stay radial arm maze task, respectively.

In the win-shift task, a food pellet is placed at the end of all eight arms (see figure
1.4B). The rat must retrieve each food pellet without re-entering any arm more than once.

14
Optimal performance on this task requires rats to remember trial-specific information
(working memory) of which arms it has entered, which depends on acquiring stimulusstimulus (S-S) information about the relationships of the arms to the spatial cues, similar
to a spatial map (O'Keefe & Nadel, 1978). Performance on the win-shift task was
impaired by hippocampus but not by striatum lesions.

Figure 1.4 Schematic representation of Win-shift and Win-stay paradigm
In the win-stay task, a food pellet is placed at the end of each of 4 randomly
selected arms which are paired with light cues (figure 1.4a). When a rat consumes the
food at the end of a lighted arm a second food pellet is placed there. When the second
pellet in any arm is consumed the light on that arm is turned off. Each trial requires the
rats to obtain eight food pellets by entering each lighted arm twice. In this task, the rat
acquires a Stimulus-Response (S-R) association between the stimulus (Light) and the
response (arm entrance). The arm entrance is followed by the food reward which acts as a
reinforcement. Performance on the win-stay task was impaired by striatum but not by
hippocampus lesion. Similarly, additional studies used hippocampus- and striatumdependent versions of water maze tasks to investigate the selective role of the striatum in
S-R memory. In these tasks, two visually different colored rubber balls protruding above
the water surface served as cues with one ball (correct) providing escape and the other
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ball (incorrect) providing no escape. In the hippocampus version of the task, the platform
location remained the same on every trial, but the visual cue of the ball varied. In the
striatum version of the task, the platform location varied across trials, but the visual cue
remained the same. The hippocampus version of the task requires rats to learn to
approach the correct ball on the basis of spatial location, and not visual pattern. The
striatum version of the task requires rats to learn an approach response to the visual cue,
and not the spatial location. Dorsal striatum lesions impaired acquisition on the striatum
version with no impairment on the hippocampus version of the task (Packard &
McGaugh, 1992). In another version of the water maze task, rats were trained to swim to
a visible platform located in a constant spatial location. Following acquisition of the task,
the nature of the learned behavior was probed by moving the visible platform to a new
location. During a probe trial, control rats were equally distributed in reaching the old
location (spatial memory) and new location (S-R memory). In contrast, 7 of 9 rats with
dorsal striatum lesion reached the old location (indicating the use of hippocampusdependent spatial memory), whereas all rats with hippocampus lesions reached the new
location (indicating the use of striatum dependent S-R memory) (McDonald & White,
1994). Other studies with caudate lesions have demonstrated impairment on the
acquisition of simultaneous tactile discriminations and an invariant reference memory
aspect of a 12-arm radial maze (Colombo, Davis, & Volpe, 1989), and auditory
discrimination learning (Adams, Kesner, & Ragozzino, 2001).
In addition to lesion studies reversible inactivation of the striatum using anesthetic
agents also revealed a role for the striatum in learning and memory. For example,
Packard & McGaugh (1996) used a plus maze to show the differential roles of the
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hippocampus and dorsal striatum in cognitive and habit memory using reversible
inactivation with lidocaine.

Figure 1.5 Illustration of cross maze training
In this study, rats were trained over trials to obtain food consistently from the
same arm (West) from the same start location (South). Following training for seven days,
rats were given a probe trial on day 8 in which they were placed in the start arm opposite
to that used during training (north). On the probe trial, rats that reached the same food
location (West) were classified as place learners, and rats that made the same left body
turn as during training (East) were classified as response learners (Figure 1.5). Following
the first probe trial the rats were trained for an additional seven days and given a second
probe trial on day 16. Prior to probe trials rats received vehicle or lidocaine (an anesthetic
agent which causes neural inactivation) injection in the dorsolateral striatum or the
hippocampus. During the 1st probe trial, rats receiving vehicle injection into the
hippocampus or dorsolateral striatum where predominantly place learners. Rats receiving
lidocaine injection in the hippocampus were predominantly response learners, whereas
lidocaine injection into the dorsolateral striatum produced no change in the expressed
strategy. During the 2nd probe trial, rats receiving vehicle injection into the hippocampus
or dorsolateral striatum where predominantly response learners. Rats receiving lidocaine
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injection in the dorsolateral striatum were predominantly place learners, whereas
lidocaine injection into the hippocampus produced no change in the expressed strategy.
In this study, administration of the neural inactivating agent lidocaine into the
hippocampus blocked expression of place learning during the 1st probe trial and lidocaine
into the dorsal striatum blocked expression of response learning during the 2nd probe trial.
In addition to lesion and pharmacologic manipulations, molecular studies have
also shown evidence that the dorsal striatum is involved in learning and memory. For
example, Brightwell, Smith, Neve, & Colombo (2008), used herpes simplex virus (HSV)mediated gene transfer to overexpress a mutant form of CREB (mCREB) in which Serine
133 was replaced with Alanine making it phosphorylation deficient and there by acting as
a competitive antagonist, selectively in the dorsolateral striatum and trained rats on a
response task in a water plus-maze and later tested for retention of long-term memory for
response learning. Compared to the controls, rats infused with mCREB were impaired on
a retention test. In addition to this, transgenic mice expressing mutant CREB in the dorsal
striatum when trained on a dual-solution plus maze continued to display a predominant
use of place learning on a probe trial whereas the control mice displayed an equal use of
place and response learning (Pittenger et al., 2006). The above examples demonstrated
that the dorsal striatum can be manipulated using molecular and genetic tools. Taken
together, converging evidence from lesion, pharmacological manipulation, and molecular
studies have clearly implicated the dorsal striatum in learning and memory. In this thesis,
I have examined the changes in CREB phosphorylation that take place in the dorsal
striatum following acquisition or recall of striatum-dependent tasks.
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4) Evidence for dissociations between Memory Systems
The present view is that neuroanatomically separate brain regions subserve
different memory functions. Many cases have shown selective memory loss due to
damage of individual brain regions, for review; see Eichenbaum & Cohen, (2001). The
Hippocampus and dorsal striatum are among the multiple brain structures that have been
classified as distinct memory systems. It has been proposed that the hippocampus is
involved in learning associations between stimuli whereas the striatum is involved in
learning associations between stimuli and responses (White & McDonald 2002). Double
dissociation experiments were designed to demonstrate the independence of two memory
systems within the brain using lesions or pharmacologic manipulations.
Table 1.1 Schematic illustration of double dissociation model
BRAIN REGION – A

BRAIN REGION – B

LEARNING TASK - X

Impaired

Not Impaired

LEARNING TASK - Y

Not Impaired

Impaired

For example, one can demonstrate that damage of brain region-A impairs learning
task X but not Y, and that damage to a different brain region-B impairs learning task Y
but spares X. (Table 1.1). These types of experiments have provided important
information used to distinguish the mnemonic functions supported by the hippocampus
and striatum. Double dissociations between the hippocampus and the striatum have been
demonstrated using lesion techniques and pharmacologic manipulations. The
hippocampus and striatum dependent memory were explicitly dissociated by Packard et
al., (1989). See Table 1.2.
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Table 1.2 Schematic illustration of Packard, Hirsh & White study (1989)
HIPPOCAMPUS LESION DORSAL STRIATUM LESION
WIN-SHIFT TASK

Impaired

Not Impaired

WIN-STAY TASK

Not impaired

Impaired

Other studies of damage to the hippocampus and striatum similarly demonstrated the
dissociation between the two memory systems in rats (McDonald & White, 1993, 1994;
Packard & McGaugh, 1992). The above paragraph provides evidence for dissociation
between the hippocampus and striatum using lesion techniques. Some examples of
dissociation experiments using pharmacologic manipulations are shown below in Table
1.3
Table 1.3 Schematic illustration of post-training pharmacologic manipulation
experiments with glutamate agonist and antagonist

Drug infused
(Post-training)
Glutamate
antagonist
AP5

Region

Spatial/hidden
platform task
(S-S Learning)

Cued/visible
platform task
(S-R Learning)

Hippocampus

Impaired
Memory

Not impaired

Striatum

Not impaired

Impaired
Memory

Hippocampus

Enhanced
Memory

No effect

Striatum

No effect

Enhanced
Memory

Glutamate

References

Packard &
Teather
1997
Packard &
Teather
1999

The table 1.3 shows the effect of post-training intra-hippocampal or intra-striatal
administration of glutamate antagonist or agonist on learning a hippocampus or striatum
dependent task, respectively. Rats were trained on spatial or cued versions of the water
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maze. Following training, the glutamate antagonist AP5 was infused in the-hippocampus
or striatum. The rats that received intra-hippocampus infusion of AP5 were selectively
impaired in memory for a spatial task whereas rats that received intra-striatum infusion of
AP5 were selectively impaired in memory for a cued task (Packard & Teather, 1997).
Similarly, rats were trained on hidden or visible platform versions of the water maze and
glutamate was infused following training in the hippocampus or striatum. . The rats that
received intra-hippocampus glutamate showed evidence for enhanced spatial memory
and rats that received intra-striatum glutamate showed evidence for enhanced cued
memory (Packard & Teather, 1999). These studies indicate a double dissociation between
the hippocampus and the striatum with manipulations that involved inhibition of a brain
region showing memory impairment (Block experiments).
Table 1.4 Schematic illustration of post-training pharmacologic manipulation with
amphetamine

Drug infused
(Post-training)

Region

Hippocampus
d-amphetamine
Striatum
d-amphetamine,
D1, D2 receptor
agonist

Hippocampus
Striatum

Spatial water
maze/Win-shift
task (S-S
Learning)
Enhanced
memory
No-effect
Enhanced
memory
No-effect

Cued water
maze/Win-stay
task (S-R
Learning)
No-effect
Enhanced
memory
No-effect
Enhanced

References

Packard et
al.,1994
Packard &
White
1991

memory
Table 1.4 illustrates some of the pharmacologic manipulations using d-amphetamine
showing evidence for dissociation between hippocampus and striatum on different
learning paradigms. Post-training intrahippocampal amphetamine enhanced memory for a
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win-shift but not for a win-stay task, and intrastriatal amphetamine enhanced memory for
a win-stay but not for a win-shift task (Packard & White, 1991). Similar results were
obtained with spatial and cued versions of a water maze task (Packard, Cahill, &
McGaugh, 1994). These studies indicate a double dissociation between the hippocampus
and the striatum with the manipulations that involved stimulation of a brain region
showing memory enhancement (mimic experiments).
Taken together, the above evidence with lesion and pharmacologic manipulation
studies provide considerable support for the view that both the hippocampus and the
striatum are independent neural systems that process information for different types of
learning. The following section will describe evidence that associate the hippocampus
and the striatum to be interactive and dependent on one another.

5) Evidence for interaction between the hippocampus and the striatum
Double dissociations studies have provided strong support that the hippocampus
and the dorsal striatum can function as independent memory systems. Despite this strong
support for independence, other evidence has begun to appear more recently indicating
that memory systems in the brain may interact with one another. Interactions between
memory systems can be competitive, cooperative or in temporal sequence.

a) Evidence for competitive interactions
If two memory systems are competitive, damage to the competing memory
system releases the competition and allows the intact memory system to take complete
control to cause enhancement of learning. For example, McDonald & White, (1993)
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demonstrated enhanced learning on a striatum-dependent win-stay task following
hippocampus damage. In addition, Chang & Gold, (2003a) inactivated the hippocampus
using lidocaine then trained rats on a place or a response task in an elevated plus maze.
Inactivation of hippocampus enhanced acquisition of striatum-dependent response
training and impaired acquisition of hippocampus-dependent place training compared to
controls, respectively. Similarly, Schroeder and colleagues (2002) trained rats on place or
response tasks on the water plus-maze followed by reversible inactivation of the dorsal
hippocampus using bupivacaine. Post-training inactivation impaired acquisition of place
training and enhanced acquisition of response training (Schroeder, Wingard, & Packard,
2002). Thus, inactivating the hippocampus that mediates place learning releases the
inhibition on the striatum resulting in an apparent facilitation of striatum-dependent
response learning. Other evidence for competitive interaction was reported with the
neurotransmitter acetylcholine (Ach) acting as a marker of activation of memory systems.
For example, Ach release in the hippocampus negatively correlated with performance on
an amygdala-dependent conditioned place preference task suggesting that the
hippocampus may compete with other memory systems in addition to the striatum
(McIntyre, Pal, Marriott, & Gold, 2002). All of the above findings suggest that the
hippocampus may compete with the striatum and other subcortical structures but it was
not suggested until recently that the striatum may compete with the hippocampus as
described below.
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b) Bidirectional Competition between hippocampus and striatum
Lee, Duman, & Pittenger, (2008) were the first to report bidirectional competition
between the hippocampus and striatum using lesion and genetic manipulations in mice. In
this study, mice were trained on either a cued or a spatial version of a water-maze task.
Striatum-lesioned or transgenic mice expressing a mutant form of the transcription factor
CREB in the striatum were used. Both types of animals demonstrated facilitated spatial
learning and impaired cued learning. The above finding that damage to the striatum
facilitates learning of task that is dependent on the hippocampus is evidence that the
striatum may compete with the hippocampus. In addition, a separate group of animals
with hippocampus lesions showed facilitated cued and impaired spatial learning. This
result is consistent with reports that the hippocampus may compete with the striatum.

c) Evidence for cooperative interactions
If two memory systems are cooperative, then acquisition of a learned behavior is
decreased or totally lost as a result of damage to one or both of the memory systems. For
example, McDonald & White, (1995) demonstrated cooperation between the
hippocampus and the striatum in rats using an active discrimination task on a radial arm
maze. In this task, rats acquired at least two kinds of information by using the
hippocampus or striatum. Acquisition was impaired only when both hippocampus and
striatum were damaged together but not by either one individually. In this experiment,
damage to any one system may have been compensated for by the other system involved
in learning the task.
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d) Evidence for temporal sequence
Packard & McGaugh, (1996) demonstrated that when rats were trained on a dual
solution plus maze task, the hippocampus dependent spatial strategy is often acquired
first, while the striatum dependent response strategy is acquired later after repeated
training across days, which was described in the previous section under types of striatumdependent learning. Similarly, Chang & Gold, (2003b) demonstrated that rats trained
within a single session on a plus maze typically expressed use of a place strategy early
and a response strategy later in learning. In addition, they also demonstrated that the use
of a place strategy early in training was accompanied by early increase of release of
acetylcholine (ACh) in the hippocampus and the use of response strategy later in training
by later increases in release of ACh in the striatum (Chang & Gold, 2003b). In addition,
Pittenger and colleagues trained mice on a response task across days with a probe trial
given on day 15 and day 30. Wild type mice showed a marked preference for place
learning during the probe trial on day 15 and equal preference for both strategies during
the probe on day 30 (Pittenger, et al., 2006). All the above studies provide evidence that
early learning is mediated by the hippocampus and with extended training, the dorsal
striatum comes to guide learned behavior. In conclusion, animal studies that assessed
effects of damage to memory systems have provided evidence that memory systems can
operate independently or interactively.

6. Unanswered question in the field of MMS
Though more reports are showing evidence for interaction between multiple
memory systems, currently the conditions under which these memory systems interact or
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remain independent are poorly understood. For example, one factor that may influence
whether systems operate independently or interactively may be the purity of the task-whether the task used in the study involves information processing in one memory
system or multiple memory systems. As reviewed in Colombo, 2004, Evidence for
independent memory systems are best shown by dissociation studies as the tasks used
tend to be solved best by information processing in one memory system but not by others.
Thus, memory systems might show evidence for independence, under conditions, where
relatively pure tasks are used, and tasks which involve information processing in
multiple memory systems are more likely not to show evidence for independent memory
systems. . i. In addition, it is not known during which phase (memory formation or recall
or both) of information processing that memory systems interact. We are unaware of any
evidence that show cellular plasticity during different stages of information processing
that reflects the idea of interaction between memory systems. However, there is a
theoretical proposal raised by White and McDonald, (2002) that competition between
memory systems might arise during recall or guidance of behavioral output.
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B) Cellular mechanisms of memory formation

1) Role of Transcription Factor CREB in long-term memory
cAMP response element-binding protein (CREB) is a nuclear transcription factor
that regulates gene transcription and synthesis of new proteins necessary for neuronal
plasticity and memory formation (Gonzalez & Montminy, 1989; Impey et al., 2004).
CREB belongs to a family of proteins that bind to the CRE promoter (Lamprecht, 1999).
Activation of CREB takes place by phosphorylation at Ser133(Gonzalez & Montminy,
1989), which regulates expression of many immediate early genes including c-fos (Sheng
& Greenberg, 1990) and other effector proteins like brain-derived neurotrophic factor
(Tao, Finkbeiner, Arnold, Shaywitz, & Greenberg, 1998), which can cause long-term
changes in synaptic efficacy (Lonze & Ginty, 2002). Several reports have demonstrated
the importance of CREB during memory formation in invertebrate (Dash, Hochner, &
Kandel, 1990; Kaang, Kandel, & Grant, 1993; Yin et al., 1994) and vertebrate model
systems (Bourtchuladze et al., 1994; Guzowski & McGaugh, 1997; Kida et al., 2002;
Pittenger et al., 2002) showing its generalized function across a wide array of species.
Phosphorylation of CREB, which is a necessary step in CREB-dependent gene
transcription (Shaywitz & Greenberg, 1999), has been shown following training on a
variety of behavioral tasks, including the radial arm maze (Mizuno et al., 2002), plus
maze (Colombo, Brightwell, & Countryman, 2003), Morris water maze (Porte, Buhot, &
Mons, 2008), socially transmitted food preferences (Countryman, Orlowski, Brightwell,
Oskowitz, & Colombo, 2005), contextual fear conditioning (Stanciu, Radulovic, &
Spiess, 2001), and inhibitory avoidance (Cammarota et al., 2000), see also, for review
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(Colombo, 2004). This widespread involvement of CREB activation following training
demonstrates that this transcription factor can be measured consistently to reflect
plasticity related changes in the respective brain regions following training. For example,
learning-induced phosphorylation of CREB was sustained in the hippocampus and dorsal
striatum of rats that use place and response strategies, respectively (Colombo et al.,
2003).

Figure 1.6 Graphic illustration of up- and downstream targets of CREB

In addition to evidence that learning causes phosphorylation of CREB, systematic
genetic manipulations that inhibit CREB function generally cause memory impairment
(block experiments). For example, (Brightwell, Smith, Countryman, Neve, & Colombo,
2005) demonstrated that infusion of viral vectors that express mutant CREB in the
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hippocampus impaired long-term but not short-term memory for a non-spatial,
hippocampus dependent, socially transmitted food preference (STFP) task. Similarly,
various block experiments that used knockouts (Bourtchuladze et al., 1994), antisense
oligonucleotides (Guzowski & McGaugh, 1997; Pittenger et al., 2002; Florian, Mons, &
Roullet, 2006), acute (Brightwell, Smith, Neve, & Colombo, 2008) or chronic
(Kathirvelu, East, Hill, Smith & Colombo, 2012) viral-mediated expression of dominantnegative mutant CREB revealed that these treatments caused memory impairment (for
exceptions, see Gass et al., 1998; Balschun et al., 2003). In contrast, systematic genetic
manipulations that increase CREB function generally cause memory enhancement
(mimic experiments). For example, Brightwell et al., (2007) demonstrated that infusion
of viral vectors that overexpress wild-type CREB in the dorsal hippocampus enhanced
hippocampus-dependent place learning. Similarly, other genetic manipulations that
increased the levels of CREB facilitated long-term memory (Josselyn, et al., 2001;
Restivo, Tafi, Ammassari-Teule, & Marie, 2009). The loss and gain of function
demonstrated above shows that CREB can be manipulated specifically in the region of
interest to produce consistent behavioral effects.

2) CREB as a suitable candidate to test MMS hypotheses
Taken together, these results suggest that CREB plays a crucial role in memory
formation. Thus, transcription factor CREB is a suitable candidate to test multiple
memory systems hypotheses, as it can be studied using two different approaches 1) By
measuring the changes in the levels of phosphorylated CREB, the neuronal plasticity in
an intact brain region can be studied during different stages of information processing

29
(during memory formation or following recall) 2) By manipulating CREB selectively in a
brain region using viral mediated gene transfer, behavioral effects on the manipulated
memory system, as well as on a different memory system, can be studied.

C) Approach
1) Behavioral intervention (Manipulate behavior to measure changes in CREB)
We used this approach to measure cellular changes in selected brain regions
following training to test for plasticity. We reported previously that learning-induced
phosphorylation of CREB was sustained in the hippocampus and dorsal striatum of rats
that use place and response strategies, respectively (Colombo et al., 2003). In behavioral
intervention experiment, we tested the effects of reinforced training (place or response)
on CREB phosphorylation after a bout of training on a dual-solution task in the T-maze.
Changes in the levels of phosphorylated CREB were used as a molecular marker to
reflect the activity in the brain regions.

2) Somatic intervention (Manipulate CREB to measure changes in the behavior)
We used this approach to manipulate CREB in the hippocampus or striatum to
measure changes in behavior. The experiments to test interaction between multiple
memory systems are best studied when the manipulation lasted for long duration. So, we
used lentivirus vectors, which reportedly produce long-term stable expression, negligible
immunogenicity with maintenance of normal cellular function in vitro and in vivo (Wong
et al., 2006). Previously, we have shown that short-term overexpression of CREB in the
hippocampus facilitates place memory (Brightwell et al., 2007). In addition, expression
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of mutant CREB (mCREB) in the hippocampus and the striatum impairs memory for
socially transmitted food preferences and response learning, respectively (Brightwell et
al., 2005, 2008). In order to demonstrate that lentiviral vectors are suitable for chronic
stable transgene expression, so that they can be used to study effects on more than one
task in the same set of rats, and to test whether the results are consistent across different
tasks, we conducted an experiment that showed lentivirus expression of mCREB in the
hippocampus impaired long-term memory for two different hippocampus-dependent
tasks (Kathirvelu et al., 2013). The experiment showed a significant increase in the levels
of CREB for at least three and a half weeks in comparison with previous work with
herpes simplex virus (HSV) in which transgene expression reached basal levels by day 7
(Carlezon et al., 1998). This led us to conclude that the lentiviral vectors can be used for
chronic expression, and at the same time the vector-infused animals can be trained on
more than one task, suitable to study MMS interaction, as it required testing both
hippocampus- and striatum-dependent tasks in a normally functioning brain. So, we
proceeded with other experiments that involved lentiviral overexpression of wild type
CREB.
The following experiment tested whether increasing CREB in the striatum had
any effects on memory for hippocampus-dependent tasks, which would be interpreted as
evidence for interactions between the memory systems. Also, we tested whether
increasing CREB levels in the hippocampus enhances memory for a spatial task in both
young and middle-aged rats in a similar manner and whether it had any effect on a
striatum-dependent cued task. This experiment is based on a longitudinal study by
Mouravlev et al. (2006) in which somatic gene transfer of CREB in young rats did not
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alter long-term memory, but prevented later onset of age-related memory impairment. It
is not known if overexpressing CREB later in life facilitates memory in the aged group in
a similar way as when supplemented early in the life as shown by Mouravlev et al,
(2006). Taken together, these experiments add information to our current understanding
of how the hippocampus and striatum operate in an intact brain.
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II. BEHAVIORAL INTERVENTION EXPERIMENT SHOWING EVIDENCE
FOR INTERACTIONS BETWEEN THE HIPPOCAMPUS AND STRIATUM

Learning-induced changes in CREB phosphorylation during memory formation: evidence
for interaction between the hippocampus and dorsal striatum

Memory formation involves multiple brain regions, each of which is specialized
to process and store different types of information. Among these memory systems are the
hippocampus and dorsal striatum which are necessary for learning place and response
strategies, respectively. Experimental evidence indicates that multiple memory systems
may operate independently or interactively, and most of the evidence is based on animal
research involving damage to selected brain regions. It is not known, however, whether
multiple systems operate independently or interactively during memory formation in the
intact brain. We reported previously that learning-induced phosphorylation of CREB was
sustained in the hippocampus and dorsal striatum of rats that use place and response
strategies, respectively (Colombo et al., 2003). In the present study, activation of
transcription factor CREB was used as a molecular marker to test for learning-related
cellular changes in the hippocampus and dorsal striatum.

Hypothesis
In this study, the effects of reinforced training on CREB phosphorylation were
tested after a bout of training on a dual-solution task . In this task, rats were trained on a
T-maze that can be solved using either a hippocampus-dependent place strategy or a
striatum-dependent response strategy, that was determined using the probe trial.
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Previously, we reported that a single probe trial which categorized place and response
learners showed sustained elevation of pCREB in the hippocampus and dorsal striatum,
respectively (Colombo et al., 2003). In this experiment, we extended our hypothesis by
having a probe trial followed by reinforced trials for the same strategy revealed during
the probe trial. We set this up to investigate whether repeated reinforcement for the same
strategy would show strong support for regional activation and there by showing
evidence for independent memory system. The main hypothesis was that reinforced
training on the place strategy would elevate CREB phosphorylation in the hippocampus,
but not the dorsal striatum and that reinforced training on the response strategy would
elevate CREB phosphorylation in the dorsal striatum, but not the hippocampus.

1. Methods
Subjects.
A total of eighty one in-house bred male Long-Evans hooded rats weighing
between 300 -350gm were used in this study. All rats were group-housed until they
reached 2 months of age and were later housed individually in a humidity and
temperature controlled colony room with a 12-hr artificial light/dark cycle (lights on at
7:00 A. M.). All behavioral procedures were conducted during the light phase of the
cycle.
Apparatus.
A painted wooden, elevated plus maze 70 cm above the ground with arms (60cm
long × 10cm wide × 3cm high) containing a recessed food well at the end was used. The
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maze was placed in a lit room with a moderate number of extramaze cues and was
cleaned with disinfectant between rats to reduce olfactory cues.

Figure 2.1 Graphic illustration of experimental design
Behavioral Training
All rats were handled 5min/day for 1 week, and their body weights were gradually
reduced and maintained between 82 – 85 % of their free feeding weight throughout the
experimental period. The day before habituation, Froot Loops cereal (Kellogg, Battle
Creek, MI) was introduced along with regular rat chow to lessen neophobic reactions
during training. All animals were habituated for 5 min/day for 3 days followed by
training on the 4th day. On day 1 of habituation, the animals were placed on the south arm
of the plus maze with 2 additional arms (east and west) open. Entry to the north arm was
blocked; (producing a T-maze). All three arms were scattered with Froot Loops broken
into thirds. On day 2, the Froot Loops were scattered only in the east and west arms, and
on day 3, the Froot Loops were placed only in the recessed food wells at the end of the
east and west arms. On day 4, rats were released from the end of the south arm and
allowed to choose only one arm (both were unbaited). The arm opposite the one chosen
was baited for all subsequent trials so that all animals were trained against their first
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preference. On each trial, one-third of a Froot Loop was placed inside a recessed food
well, and rats were allowed 2 minutes to obtain the food reward. Entries into the baited
arm of the maze were scored as correct responses, and entries into the unbaited arm were
scored as incorrect responses. An entry was defined as all four feet inside one arm. Rats
were blocked from entering more than one arm per trial. Latency (the time from the start
until the rat reached the food) and arm choice were recorded. The trial ended when the
rats consumed the food reward or after the 2 min time limit was reached. After each trial,
rats were placed in an opaque plastic holding cage for a 30 second intertrial interval.
Training ended when rats reached a criterion of 9 correct choices out of 10, or 45 trials
without reaching criterion.
After reaching criterion, rats were released from the north arm for a single probe
trial with both the East and West arms baited. Rats that went to the same arm rewarded
during training were classified as place learners, whereas rats that made the same
egocentric turning response as that rewarded during training were classified as response
learners. After being classified as place or response learners, rats were reinforced for the
expressed strategy for the next 14 trials. The reinforced trials had reward only in the arm
which favored one type of learning. The start arm varied between north and south in
random order during the 14 reinforced trials. For example, if the reward arm during
training was east, for place learners, the reward arm remained east whether the start arm
location was south or north during reinforced trials. For response learners, the reward arm
changed between the east and west arm depending on whether the rats started from the
south or north during reinforced trials. During the reinforced trials the place learners were
persistently rewarded for choosing the same place and response learners were persistently
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rewarded for choosing the same turning response. Latency (the time between start and
getting food) and arm choice were recorded. In the present study, a pilot run (n= 6)
revealed an unequal distribution of place and response learners, determined by the probe
trial (1place learner: 5 response learners). Additional extramaze cues were then added to
favor place learning, and for the remaining animals the distribution of place and response
was approximately 50%. Control rats in the study were matched to the total number and
duration of trials for both place and response learners. Control rats were released from the
end of the south arm throughout all trials and were allowed to enter only the north arm
where they retrieved an equivalent food reward.

Tissue preparation and immunocytochemistry
Either immediately or 1 hour following reinforced trials, rats were deeply
anesthetized with ketamine-xylazine solution (1.65mg/kg) and transcardially perfused
with ice-cold 0.1 M PBS, pH 7.4, and NaNo3 followed by ice-cold 4% paraformaldehyde
in 0.1 M PBS. Brains were removed and postfixed in 4% paraformaldehyde for 3 hr and
then transferred to a 20% sucrose and 0.1 M phosphate buffer cryoprotectant overnight at
4°C. Brains were sectioned on a freezing microtome with coronal sections cut 50 µm
thick from the dorsal hippocampus and dorsal striatum and stored in a cryopreservative at
-20°C until immunostaining. Immunostaining was performed as reported previously
(Colombo, Brightwell, & Countryman, 2003) with a primary antibody targeting pCREB
(1:1000 dilution; Upstate Biotechnology, Lake Placid, NY) for 48 hours at 4°C and
followed by incubation for 1 hour in biotinylated goat anti-rabbit secondary antibody
(1:400 dilution in 1% normal goat serum and 0.2% Triton-x in PBS; Santa Cruz
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Biotechnology, Santa Cruz, CA). After washing with 0.05 M PBS sections were
processed with avidin-biotonylated horseradish peroxidase complex in PBS (Elite Kit;
Vector Laboratories, Burlingame, CA) for 45 minutes at room temperature and the
reaction was visualized using diaminobenzidine (Sigma, St. Louis, MO).

Imaging and cell counting
The method used in this study to capture and transform images was adapted from
Brown, Garcia, & Harlan, (1998). Olympus BX51 system microscope interfaced to a
computer was used to capture images with the objective set to 10 X. Slides with coronal
brain sections (50 µm) stained for pCREB were placed on the microscope stage to locate
a region of interest. The image was focused on the monitor by adjusting the controls on
the microscope. Using snap tool on the software menu the image was captured and saved
as focused image. Later, the fine adjustment focus knob was turned clockwise by 30 units
to capture a second image of the same region and saved as unfocused image. Each unit is
represented as a line on the fine adjustment knob. This numerical value of 30 units has
been determined to work well at 10 X magnification for pCREB stained sections. A
software program was used to subtract the unfocused from the focused image to get the
transformed image. Similarly, all regions of interest were captured as focused and
unfocused images and later converted into the transformed images. The transformed
images were used for all data collection.
A total of 162 images were collected from each of the five brain regions (CA1,
CA3, DG, dorsolateral and dorsomedial striatum). To determine a threshold value for a
brain region, six images were picked at random from a total of 162 images and treated as
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follows. Each image was opened in the MCID software and the density level (specified as
scan area on the tool bar) was set to the maximum. The image was magnified to 200% so
that the cell border could be visualized distinctly. Using the sample measures tool, data
were obtained for density-levels (defined in MCID software as levels ranging from 1 to
256), density-relative optical density (ROD), density x area and total target area. A
circular tool of size (width x height x rotation; 8 x 8 x 0 for CA1 and CA3; 5 x 5 x 0 for
dentate gyrus and 6 x 6 x 0 for dorsolateral and dorsomedial striatum) approximately
equal to a distinct large single cell was selected. The tool size varied depending on the
region, magnification, size and shape of different types of cells. The circular tool was
placed on a cell in such a way that the outer border of the tool fit the inner margin of the
cell. The tool was placed on 15 light stained cells (which will fall outside the exclusion
criterion) and 15 darkly stained cells (which will fall inside the exclusion criterion). If the
image picked at random did not have enough light/dark cells due to treatment effects or
measurement of a non-constitutively expressed protein, then another image was chosen to
screen for light and dark cells. Similarly, all six images were screened to get the selected
measures. A total of 90 cells were screened from six images (15 dark and 15 light cells
from each image). The mean from 90 light and 90 dark cells were noted and averaged to
get a numerical value which was saved as the threshold for cell counting. The threshold
was determined independently for each of the five brain regions using the same method
described above.
Once the threshold was determined for each brain region, the numerical value was
saved in the software program before the cell size was determined. To determine the
mean cell size for a brain region we picked ten images at random from a total of 162
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images. Data were collected for the target area, which measures the area of the cell inside
the circular tool. The mean cell size for each image selected at random was collected by
placing a circular tool on ten cells of varying size. The cell mean collected from all the
ten images selected at random were averaged to get a numerical value, which was stored
under target details as mean cell size before cell counting. The mean cell size was
determined independently for each of the five brain regions using the same method
described above.
It was decided apriori to count cells by systematically increasing the threshold
from the average threshold determined by our methods described in earlier paragraphs.
Cells were counted at three different thresholds starting at 25% higher (includes lightly
stained to darkest stained cells), 40% higher (includes medium stained to darkest stained
cells) and 60% higher (includes only the darkest stained cells) than average threshold.
This decision was made to determine whether the cellular changes during memory
formation are best revealed by relatively large changes in pCREB among few cells, or by
smaller changes in pCREB among more cells Analysis of data with three different
thresholds revealed that learning-induced changes for pCREB were best revealed at
higher threshold values. In this study, we used the cell count data collected from a
threshold which was 60% higher than the average threshold. Data obtained from two
other thresholds are not shown.
2. Results
Behavior
Rats were trained on a dual solution plus maze to reach a criterion of 9 out of 10
correct choices. The strategy learned by rats during training was revealed during a probe
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trial at the end of training. During probe trials, rats that reached the same place of food
reward were classified as place learners (N = 21) and rats that made the same turning
response to get the food reward were classified as response learners (N = 20). Following
the probe trial, all rats were reinforced for 14 more trials on the same strategy revealed
during the probe trial.

ANOVA revealed a significant difference between place and response learners in
the number of trials to criterion (F

(1, 39)

=19.495, p< .001). Place learners took

significantly more trials to reach a criterion of 9 out of 10 correct choices when compared
to response learners. The mean number of trials to criterion was 31.1 ± 1.89 SEM for
place learners and 21.0 ± 1.23 SEM for response learners (Figure 2.2). The difference
between place and response learners in reaching criterion is likely due to differences in
strategies used in learning the task. This finding suggests that learning a place strategy
might have been more difficult than learning a response strategy. It is also possible that
place learners might have paid more attention to the extramaze cues during learning than
response learners.

Figure 2.2 Mean numbers of trials to reach criterion
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ANOVA revealed a significant difference between groups in latency per trial (F (1,
39)

= 6.3, p < .05). Place learners took significantly longer to complete trials in

comparison with response learners. The mean latency per trial for place learners was 39.6
± 3.8 SEM and for response learners was 27.2 ± 2.9 SEM (Figure 2.3).

Figure 2.3 Mean latency per trial

ANOVA also revealed a significant longer latency on the last 10 criterion trials
for place learners [F

(1, 39)

= 5.13, p < .05] than response learners (Figure. 2.4). These

findings suggest that place learners might have paid more attention to the extramaze cues
in learning the relationship between the environmental cues than response learners.

Figure 2.4 Latency to complete 10 criterion trials
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A Repeated measures ANOVA was performed between groups to analyze the
percentage of errors made during the reinforced trials. There were significant effects of
group (F

(1, 39)

= 4.23, p < .05), and block (F

between group and block (F

(1, 39)

(1, 39)

= 4.77, p < .05) but no interaction

= 1.77, p >.05) (Figure 2.5). The group effect was due

to place learners making fewer errors than response learners and a block effect showed
that overall, trained animals improved in the percentage of correct choices made between
blocks independent of the strategy used.

Figure 2.5 Percentage of errors made during reinforced trials between blocks
Post-hoc Fisher’s LSD analysis indicated that place learners improved
significantly in the percentage of correct choice between blocks (p < .05). Place learners
also showed fewer errors in block two than response learners (p < .05). These findings
suggest that place learners were able to perform better during reinforced trials than
response learners.
Overall these findings suggest that place learners might have paid more attention
to extramaze cues in learning the interrelationship between the cues than response
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learners. The findings also indicate that place learners made fewer errors overall during
reinforced trials compared to response learners, suggesting they may have learned better.
pCREB cell numbers
CREB phosphorylation was analyzed separately for CA1, CA3, and dentate gyrus
of the dorsal hippocampus and dorsolateral and dorsomedial striatum (Figure 2.6).
Factorial ANOVA was performed with the cell count from each individual subregion as
dependent variables with groups (place, place controls, response, response controls) and
delay (immediate and 1 hour) as independent variables. pCREB levels that were more
than ± 2 standard deviations away from the mean for a brain area for a particular group at
a given delay were considered as outliers and excluded from all further analyses. The
table 2.1 below shows the number of outliers removed in each region.
Immediate
1 Hour
Place
Response
Place
Response
Place
Response
Place
Response
Region
Control
control
Control
control
(n=11)
(n=10)
(n=10)
(n=10)
(n-10)
(n=10)
(n-10)
(n=10)
CA1
1
1
1
1
CA3

1

1

DG

1

1

1

1

DLS

1

1

1

1

1

1

DMS

1

1
1

Table 2.1Number of outliers removed in each region

1
1
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Figure 2.6 Image showing sampled areas of cell counting. pCREB immunoreactive cells
were counted within sampled areas of the dorsal hippocampus (A) which included the
pyramidal cell layers CA1 and CA3 and the granule cell layers of the dentate gyrus and
the striatum (B) which included the dorsomedial and dorsolateral striatum. (Picture
adapted from Paxinos and Watson, 2007)

In the CA1 region of the dorsal hippocampus, Factorial ANOVA revealed no
significant effect of group (place, place control, response, response control) (F
2.15, p = .10), delay (Immediate, 1 hour) (F

(1, 69)

(3, 69)

=

= 3.61, p = .06), or group x delay

interaction (F (3, 69) = 1.68, p = .17) on pCREB-positive cells. Overall, place and response
trained groups did not differ in the pCREB-positive cells in comparison with place and
response controls. pCREB-positive cells at the immediate time point were not different
from one hour delay. Post-hoc Fisher’s LSD analysis comparing group X delay
interaction indicated that at 1 hour delay, response trained rats had lower pCREB-positive
cells than response controls (p < .05) (Figure 2.7). This finding shows that animals
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trained on striatum dependent response strategy demonstrate a change in the hippocampal
CA1, a region that is not necessary for learning the strategy.

Figure 2.7 Mean (±SE) number of pCREB-positive cells per standard area measured in
the CA1 region of the dorsal hippocampus. *p < 0.05.

In the CA3 region of the dorsal hippocampus, Factorial ANOVA revealed a
significant effect of group (place, place control, response, response control) (F
4.15, p < .01) but not of delay (Immediate, 1hour) (F

(1, 70)

(3, 70)

=

= .71, p = .39), and a

significant group x delay interaction (F (3, 70) = 3.21, p < .05) on pCREB-positive cells.
Overall, place and response groups were significantly different in the pCREB-positive
cells in comparison with place and response controls. pCREB-positive cells at the
immediate time point were not different from one hour delay. Thus Post-hoc Fisher’s
LSD analysis comparing group X delay interaction indicated that at the immediate time
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point, place trained rats had higher pCREB-positive cells than place controls (p < .05),
and at the 1 hour delay, response trained rats had lower pCREB cells than response
controls (p < .001) (Figure 2.8). These findings show that place learners had significantly
more hippocampal pCREB-positive cells than motor controls immediately after training
in the region necessary for learning the strategy, whereas response learners had
significantly lower hippocampal pCREB-positive cells than motor controls one hour after
training in the region not necessary for learning the strategy.

Figure 2.8 Mean (±SE) number of pCREB-positive cells per standard area measured in
the CA3 region of the dorsal hippocampus. *p = <.05.

In the dentate gyrus of the dorsal hippocampus, Factorial ANOVA revealed no
significant effect of group (place, place control, response, response control) (F

(3, 69)

=

1.43, p = .23), but showed a significant effect of delay (Immediate, 1hour) (F

(1, 69)

=
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10.41, p <.001), and no significant group x delay interaction (F (3, 69) = 2.63, p = .056) on
pCREB-positive cells. Overall, place and response trained rats did not differ in the
number of pCREB-positive cells in comparison with place and response controls.
pCREB-positive cells at the immediate time point were significantly lower than the one
hour delay. Post-hoc Fisher’s LSD analysis indicated that at 1 hour delay, place trained
rats had lower pCREB cells than place controls (p < .001) (Figure 2.9). This finding
suggests that controls may have learned about the spatial location more than place trained
rats.

Figure 2.9 Mean (±SE) number of pCREB-positive cells per standard area measured in
the dentate gyrus of the dorsal hippocampus. *p = <.05.

In the dorsolateral striatum, ANOVA revealed no significant effect of group
(place, place control, response, response control) (F (3, 66) = 2.34, p = .08) but showed a
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significant effect of delay (Immediate, 1hour) (F (1, 66) = 5.22, p <.05), and group x delay
interaction (F (3, 66) = 5.07, p < .01) on pCREB-positive cells. Overall, place and response
trained groups did not differ in numbers of pCREB-positive cells in comparison with
their place and response controls. pCREB-positive cells at the immediate time point were
significantly lower than the one hour delay. Fisher’s LSD analysis indicated that at 1 hour
delay, place trained rats had fewer pCREB-positive cells than place controls (p < .01)
(Figure 2.10). This finding shows that place learners demonstrate a change in the
dorsolateral striatum, a region that is not necessary for learning the place strategy.

Figure 2.10 Mean (±SE) number of pCREB-positive cells per standard area measured in
the dorsolateral striatum. *p = <.05.

In the dorsomedial striatum, Factorial ANOVA revealed no significant effect of
group (place, place control, response, response control) (F (3, 70) = 0.64, p = .58) or delay
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(Immediate, 1hour) (F

(1, 70)

= 2.48, p =.11), but showed a significant group x delay

interaction (F (3, 70) = 3.54, p < .05), on pCREB-positive cells. Overall, place and response
trained groups did not differ in the pCREB-positive cells in comparison with their place
and response controls. pCREB-positive cells at the immediate time point were not
different from one hour delay. Post-hoc Fisher’s LSD analysis indicated that at 1 hour
delay, place trained rats had lower pCREB cells than place controls (p < .01) (Figure
2.11). This finding shows that place learners demonstrate a change in the dorsomedial
striatum, a region that is not necessary for learning the place strategy.

Figure 2.11 Mean (±SE) number of pCREB-positive cells per standard area measured in
the dorsomedial striatum. *p = <.05.

Place trained rats showed significant negative correlations between the numbers
of errors during reinforced trials and pCREB-positive cells at the immediate time-point.
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These were found in the CA1 (r = -.709; p = .01), dorsolateral striatum (r = -.747; p =
.01), and dorsomedial striatum (r = -.655; p = .02). (Figure 2.12) Thus place trained rats
with fewer errors during the reinforced trials showed more pCREB positive cells in both
the hippocampus and striatum.

Figure 2.12 Negative correlations between the numbers of errors made during reinforced
trials and pCREB-positive cells for place immediate group.
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Place trained rats showed a positive correlation between trials to criterion and
pCREB-positive cells at the immediate time-point in the dentate gyrus of the dorsal
hippocampus (r = .656; p = .03). (Figure 2.13). Thus place trained rats with more trials
during training showed more pCREB positive cells, whereas motor controls with
different levels of activity did not show any correlation. These findings suggest that the
correlation revealed is not due to motor activity but due to learning induced changes.

Figure 2.13 Positive correlations between trials to criterion and pCREB-positive cells for
place immediate group.

3. Discussion.
Memory formation involves multiple brain regions including the hippocampus
and dorsal striatum, which are necessary for learning place and response strategies,
respectively. It is not known whether these brain regions operate independently or
interactively during memory formation in the intact brain. We reported that learninginduced phosphorylation of CREB was sustained in the hippocampus and dorsal striatum
of rats that use place and response strategies, respectively. These findings where place
learners showed sustained pCREB in the hippocampus but not in the dorsal striatum and
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response learners showed sustained pCREB in the dorsal striatum but not in the
hippocampus suggest that both memory systems may operate independently of each other
(Colombo et al., 2003). In the present study, we tested the effects of additional reinforced
training on CREB phosphorylation after a bout of training on a dual-solution task in the
T-maze. My hypothesis was that reinforced training on the place strategy would elevate
CREB phosphorylation in the hippocampus, but not the dorsal striatum and that
reinforced training on the response strategy would elevate CREB phosphorylation in the
dorsal striatum, but not the hippocampus.
The main findings of this study are that, in comparison with controls, place
trained rats had lower levels of pCREB in the dorsal striatum and in the dentate gyrus of
the hippocampus, whereas response trained rats had lower levels of pCREB in the CA1
and CA3 regions of the hippocampus at the one hour time-point. In addition, place
trained rats had higher levels of pCREB in the hippocampal CA3 region relative to
controls at the immediate time-point. The findings at the one-hour time point are not
consistent with our hypothesis that place trained rats would show elevated pCREB levels
in the hippocampus in comparison with controls, but that place training would not alter
pCREB levels in the striatum. Similarly, our findings did not support our hypothesis that
response trained rats would show elevated pCREB levels in the striatum in comparison
with controls, but that response training would not alter pCREB levels in the
hippocampus. It is important to note that the hypothesis in the current study was derived
from evidence shown from lesion, post-training drug infusion and learning induced
studies which demonstrated that the hippocampus and striatum operate independently.
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Overall, the current findings do not support independent memory systems
In the current study, place learners showed significant reduction in pCREB in the
striatum in comparison with controls. Striatum is a brain region that when lesioned does
not cause impairment of place learning. Thus if systems were independent, the rats that
use a place strategy would not be expected to show any alterations in pCREB in the
striatum. Similarly, response learners showed significant reduction in pCREB in the CA1
and CA3 regions of the hippocampus in comparison with controls. The hippocampus is a
brain region that is not necessary for long-term memory for response training. Thus if
memory systems were independent, the rats that use a response strategy would not be
expected to show any alterations in the pCREB in the hippocampus. Together, these
findings are not consistent with the notion of independent memory systems.
A previous report from our laboratory demonstrated that manipulating CREB by
overexpressing either wild type or mutant CREB in the dorsal hippocampus did not have
any effect on the striatum-dependent response learning (Brightwell, et al., 2008)
suggesting that memory systems are independent of each other. In that study training was
conducted in water plus maze with a black curtain absent of salient cues to avoid
hippocampus-dependent information processing and facilitate striatum-dependent
egocentric response learning making it a relatively pure stimulus-response task.
In the current study, the rats were trained on a dual-solution task in the T-maze.
The training room is arranged with extramaze cues to favor place and response learning
equally. It is possible that for the dual-solution task, both the hippocampus and the
striatum might be activated during initial learning and one system becomes dominant at
later reinforced training. The findings which show lower levels of pCREB in a brain
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region not necessary for learning the task, relative to controls, suggest that memory
systems might interact during memory formation. The current study cannot be compared
directly to Brightwell et al., (2008) because they facilitated striatum-dependent response
strategy by providing an environment which might not activate the hippocampus. It is
possible that, in Brightwell’s work, information processing in the hippocampus during
training might have been minimal or absent. Increasing or decreasing CREB function in
the hippocampus with no information processing to that system might have had no effect
on the striatum-dependent response task.
Taken together, it is possible that interaction between memory systems might be
so dynamic and may occur at any level of information processing (for example, during
memory formation or during memory retrieval at the time of behavioral output). In
addition, at this point we do not know whether interaction between memory systems can
be revealed only in tasks which activate multiple memory systems or it can be shown
even in pure tasks which activate only one memory system. Further study is needed to
resolve when and where interaction takes place for specific learning tasks.
Lesion studies are inadequate to study interactions between memory systems
functionally, but behaviorally
Our hypotheses were based on reports from learning-induced changes and from
dissociation experiments which suggested that the two systems operate independently.
For example, hippocampal lesions caused impaired memory of a win-shift task but did
not affect memory of a win-stay task. In contrast, striatum lesions impaired memory of a
win-stay task but had no effect on memory for the win-shift task (Packard, et al., 1989). It
is important to note that, even though damage to the hippocampus does not impair
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memory for striatum-dependent tasks, the current findings that place-trained rats showed
lower levels of pCREB than motor controls in the striatum suggest that when animals are
engaged in place training there is still evidence of plasticity related to memory formation
in the striatum. Similarly, even though damage to the striatum does not impair memory
for hippocampus-dependent tasks the current findings that response-trained rats showed
lower levels of pCREB than motor controls in the CA1 and CA3 regions of the
hippocampus suggest that when animals are engaged in response training there is still
evidence of plasticity related to memory formation in the hippocampus. It is important to
note that these alterations in the levels of the pCREB during memory formation cannot be
revealed in lesion studies when there is total damage of one memory system. Though, it
is plausible for behavioral changes to be revealed during such manipulations, the subtle
plasticity related changes in other memory systems during memory formation can be
measured best in a normally functioning intact brain.
Evidence for a competitive interaction between the hippocampus and dorsal
striatum
Recent evidence for a competitive interaction between memory systems comes
from reports that indicate that damage to the hippocampus can, in some instances;
facilitate striatum-dependent learning in some paradigms. For example, post-training
reversible inactivation of the hippocampus not only impairs memory for place learning
but also enhances memory for response learning in water plus maze (Schroeder et al.,
2002). These findings suggest that an intact hippocampus can interfere with learning a
striatum-dependent task. The facilitation effect observed in this study is hypothesized to
result from the removal of interference from the competing memory system. It can be
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inferred from Schroeder’s study that neural activation takes place in the hippocampus
during response learning. Blocking neural activation is necessary to demonstrate
enhanced acquisition of the response task.
The current findings that place learners showed lower levels of pCREB than
controls in the striatum and that response learners showed lower levels of pCREB than
controls in CA1 and CA3 regions of the hippocampus at the one hour time-point are
consistent with a report that neural activation might have occurred in a memory system
not necessary to learn that particular task (Schroeder, et al., 2002). The above findings
that place-trained rats had decreased pCREB levels in the dorsal striatum, a region that is
not necessary for learning the place task and response-trained rats had decresed pCREB
levels in the hippocampal CA1 and CA3, a region that is not necessary for learning the
response task, supports the view that the hippocampus and striatum may compete during
memory formation. In the current study, the additional reinforced training following
probe trials may have caused one memory system to become dominant and there by
compete, with, or suppress, the non-dominant memory system based on the learning
task.
Several studies suggest that the hippocampus competes with the striatum.
Pittenger and colleagues recently demonstrated that competition between the
hippocampus and the striatum may be bidirectional. They demonstrated that blocking
CREB function in the dorsal striatum enhanced hippocampus-dependent spatial learning
and

impaired

striatum-dependent

cued-learning.

Additionally,

damage

to

the

hippocampus enhanced striatum-dependent cue learning and impaired hippocampusdependent spatial learning (Lee, et al., 2008). It is inferred from the study that spatial
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learning activates CREB in the striatum and blocking CREB function in the striatum
enhanced spatial learning.
The current findings that place trained rats had lower levels of pCREB than
controls in the striatum might be due to reinforced place training interfering with the
striatum by down regulating activation of CREB to make the hippocampus learn
efficiently about the place task. Similarly, response trained rats had lower levels of
pCREB than controls in CA1 and CA3 regions of the hippocampus. This might be due to
reinforced response training interfering with the hippocampus by down regulating
activation of CREB to make the striatum learn efficiently about the response task. The
current findings are partially consistent with Lee et al., (2008) in demonstrating
competition between the dorsal striatum and the hippocampus.
Another way to observe the involvement of multiple memory systems in a
particular learned behavior in an intact brain is to measure the activation of the brain
regions. For example, McIntyre, et al., (2002) demonstrated that neurotransmitter
acetylcholine release in the hippocampus is negatively correlated with performance
during test on an amygdala-dependent conditioned place preference task and can be
interpreted as evidence for a competitive interaction. In the current study, the findings
that place learners showed lower levels of pCREB in the striatum than motor controls
suggest that additional reinforced place training may have caused the hippocampus to
competitively interfere with the striatum resulting in decreased activation of CREB in the
striatum. Similarly, the findings that response learners showed lower levels of pCREB in
the CA1 and CA3 regions of the hippocampus than motor controls suggest that additional
reinforced response training may have caused the striatum to competitively interfere with
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hippocampus resulting in decreased activation of CREB in the hippocampus. The current
findings complement those reported by McIntyre, et al., 2002 in supporting the view that
changes in the molecular markers are seen in a brain region not necessary for memory
formation.
Competition between memory systems may take place during memory
formation.
The current findings suggest that competitive interaction between memory
systems may be occurring at the cellular level during memory formation. These findings
are inconsistent with the theorized model of multiple memory systems, in which
competition occurs at the level of behavioral output (White & McDonald, 2002). It is
important to note that the place and response tasks used in the current study may not be
“pure” tasks, therefore systems may interact early. The pure tasks are the one that are best
solved by information processing in one memory system. Support for the multiple
memory systems model is most often demonstrated using damage or pharmacologic
manipulation of one memory system, thus preventing our ability to reveal the changes
that are taking place in the damaged memory system during memory formation. It is
possible that competition might have taken place during memory formation if both
memory systems were intact during a learning task. This hypothesis can be tested by
manipulating levels of CREB during memory formation or behavioral output using viral
mediated gene transfer.
Time-dependent effects
The next finding in this study is that place-trained rats had higher levels of
pCREB in the hippocampal CA3 region relative to controls at the immediate time-point.
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This finding is consistent with our hypothesis that reinforced place training would elevate
pCREB levels in the hippocampus. The finding that the elevated pCREB levels are not
seen in all sub-regions of the hippocampus might be due to the role of CA3 in rapid
encoding of new spatial information with duration of seconds to minutes (Kesner, 2007)
and also its role in multiple trial learning (Gilbert & Kesner, 2003). For example, paired
associate learning such as object-place and odor-place requires several trials to learn the
task. Damage to the CA3 subregion without damage to the CA1 and DG impair
acquisition of those tasks (Gilbert & Kesner, 2003). ).
CREB phosphorylation in trained rats in the current study is not due to motor
activity.
In the current study, place trained rats showed a positive correlation between trials
to criterion and pCREB-positive cells at the immediate time-point in the dentate gyrus of
the dorsal hippocampus. In contrast, there was no correlation in the control rats which
were matched for motor activity and time in the maze. Thus the positive correlation
among trained rats was not due to motor activity as the control rats which ran the same
number of trials did not show any correlation between numbers of trials and pCREB.
Interpretation of other correlation findings
In addition to the above findings, place-trained rats demonstrated a negative
correlation between pCREB levels and errors during reinforced training in the
hippocampal CA1, dorsomedial and dorsolateral striatum. The finding that greater
activation of CREB in the CA1 resulting in fewer errors during reinforced place training
is consistent with the notion that more CREB is related to better performance. Similarly,
the findings that greater activation of CREB in the striatum (a brain region not necessary
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for learning the task) resulting in fewer errors during reinforced place training suggests
that memory systems might interact during memory formation.
The correlations in this study were seen only for the place/immediate group and
no other brain region or time-point showed any significant relationship between learning
and pCREB. This might be due to the place strategy being learnt better than the response
strategy. At the one hour time-point, it is possible that the relationship may have been lost
due to interference between memory systems.
Interpretation of results of learning-induced immunostaining in the dentate gyrus
So far, the main findings were discussed in terms of competitive interaction that
might take place during memory formation. One finding that did not correlate well with
the previous interpretation of competitive interaction is that place-trained rats showed
lower levels of pCREB than controls in the dentate gyrus, a brain region that is necessary
for learning the task. This finding in the dentate gyrus of place learners at the one hour
time-point suggested one other possible interpretation that control rats which were
matched for motor activity and time in the maze might have learned something about the
location in relation with the extra maze cues, resulting in elevated pCREB levels in the
dentate gyrus in comparison with place learners. Further experiments are needed to
support the argument.

4. Conclusion.
Overall, the findings that place trained rats had lower levels of pCREB than
controls in the striatum and response trained rats had lower levels of pCREB than
controls in the CA1 and CA3 of the hippocampus at the one hour time-point suggest two
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possible interpretations: One might be due to competition between the hippocampus and
dorsal striatum during memory formation. This interpretation is based on evidence that
place-trained rats demonstrated lower levels of pCREB in the dorsolateral and
dorsomedial striatum at the one-hour time point. The next interpretation is the control rats
which were matched for motor activity and time in the maze might have learned the
spatial location as well as, or better than, place trained rats. This interpretation is based on
evidence that place-trained rats demonstrated lower levels of pCREB in the dentate gyrus
in the same region necessary for memory formation. The findings suggest that the
regional changes seen at the immediate time-point did not fully support our hypothesis.
This interpretation is due to place-trained rats showing elevated pCREB in comparison
with controls only in CA3 region of the hippocampus.
Following this behavioral intervention which showed evidence for competitive
interaction, we tested whether interaction between the hippocampus and striatum can be
demonstrated similarly using somatic intervention. As indicated in the section that
follows, we used lentiviral vector for its chronic nature of overexpression. We tested this
property in our first somatic manipulation experiment with lentiviral vector expressing
mutant CREB and in addition we tested whether the same animals can be tested again in
a different paradigm to show consistent effect.
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III SOMATIC INTERVENTION SHOWING EVIDENCE FOR INTERACTIONS
BETWEEN THE HIPPOCAMPUS AND STRIATUM
A) Lentivirus-mediated chronic expression of dominant-negative CREB in the dorsal
hippocampus impairs memory for place learning and contextual fear conditioning

Extensive research has shown that the hippocampus is important for place
learning and contextual fear conditioning. In addition, the transcription factor CREB has
an important role during memory formation. For example, learning-induced CREB
phosphorylation is increased in the hippocampus of rats using a place strategy (Colombo
et al., 2003) and after contextual fear conditioning (Stanciu et al., 2001). In addition,
increasing CREB levels in the hippocampus facilitates long-term memory for place
learning (Brightwell et al., 2007) and contextual fear (Restivo et al., 2009). In the present
study, we tested a new method for chronic, stable expression of a dominant negative form
of CREB (mCREB) in the dorsal hippocampus using lentiviral vectors. In specific, we
tested whether lentivirus-mediated chronic expression of mutant CREB impairs memory
for two hippocampus dependent tasks – place training in the water maze and contextual
fear conditioning.

1. Introduction and Hypothesis
CREB is a transcription factor that regulates gene transcription and new protein
synthesis that is necessary for neuronal plasticity and memory formation (Gonzalez &
Montminy, 1989; Impey et al., 2004). Extensive evidence demonstrates that CREB is
involved in memory formation across species see review (Colombo, 2004). Several
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reports have shown activation/ phosphorylation of CREB following training on variety of
behavioral tasks (Mizuno et al., 2002; Colombo et al., 2003; Countryman et al., 2005). In
addition to evidence that learning causes phosphorylation of CREB, systematic genetic
manipulations that inhibit CREB function generally cause memory impairment (for
exceptions, see Gass et al., 1998; Balschun et al., 2003). These manipulations include the
use of knockouts (Bourtchuladze et al., 1994), antisense oligonucleotides (Guzowski &
McGaugh, 1997; Pittenger et al., 2002; Florian, Mons, & Roullet, 2006) or acute viralmediated expression of dominant-negative mutant CREB (Brightwell et al., 2005;
Brightwell et al., 2008). Among the methods specified above, viral-mediated expression
has advantages over other genetic manipulations in that it can be targeted within a
specific brain region and cause either acute (Brightwell et al., 2005) or chronic
(Mouravlev, Dunning, Young, & During, 2006) transgene expression depending on the
viral vector used.
While acute expression of mutant CREB with viral vectors has been used to study
the role of CREB during memory formation (Yuan, Harley, Darby-King, Neve, &
McLean, 2003; Warburton et al., 2005; Brightwell et al., 2005, 2008; Sekeres et al.,
2010), it is less well established whether or not chronic expression of mutant CREB has
the same effect on memory as acute expression. Indeed, acute and chronic
overexpression of wild type CREB may have different effects on memory. For example,
acute overexpression of CREB using herpes simplex virus (Brightwell, Smith, Neve, &
Colombo, 2007) and Sindbis virus (Restivo, Tafi, Ammassari-Teule, & Marie, 2009)
vectors facilitate long-term memory whereas chronic overexpression of CREB using
adeno-associated virus had no effect on spatial memory in the Barnes maze or on passive
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avoidance in rats at three months of age (Mouravlev et al., 2006). It is important to point
out, however, that in this longitudinal study overexpression of CREB prevented the onset
of age-related memory deficits. Against this background that acute and chronic transgene
expression may produce different effects on memory; the current study was designed to
test the effects of chronic expression of mutant CREB. Gene expression with herpes
simplex virus peaks at day 3 and returns to basal level by day 7 (Carlezon et al., 1998)
whereas expression with lentivirus is stable for months (Naldini et al., 1996; Miyoshi,
Takahashi, Gage, & Verma, 1997; Greenberg, Lee, Schaffer, & Flannery, 2006) also see
review Barco & Marie (2011). In the current study, we used lentivirus vectors which
reportedly produce chronic stable transgene expression, efficient transduction
preferentially into neurons, negligible immunogenicity with maintenance of normal
cellular function in vitro and in vivo, and are useful in animal studies that model human
diseases (Wong et al., 2006). As indicated by Barco & Marie (2011) there are currently
no reports of the effects of lentiviral vectors on chronic expression of mutant CREB or
the resultant behavioral effects on memory.
Given the many advantages of lentivirus vectors and the lack of knowledge on the
effect of chronic manipulation of mutant CREB, the present study tested the effects of
mCREB expression on two different hippocampus-dependent tasks—place learning and
contextual fear conditioning—in the same group of animals. Our hypothesis was that
chronic expression of mutant CREB in the dorsal hippocampus would impair memory for
place learning and contextual fear conditioning. This approach also tests the feasibility of
using lentiviral vectors to study various animal models of human neurodegenerative
conditions that require chronic treatment.
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2. Materials and methods
Animals
Twenty-nine in-house bred male Long-Evans hooded rats, weighing between 300350 g, were used in this study. All rats were housed individually in plastic-bottom cages
with sawdust bedding and ad libitum access to food and water in a humidity- and
temperature-controlled colony room. The room was set on a 12-h artificial light/dark
cycle (lights on at 7:00 A. M.) with behavioral procedures conducted during the light
phase of the cycle. All experimental procedures were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the Tulane University Institutional Animal Care and Use Committee. A
timeline of the experiment is shown in the Figure 3A.1

Figure 3A.1 Schematic representation of experimental design

Lentivirus vector-mediated gene transfer
The lentivirus (LV) vectors (LV-mCREB and LV-LacZ) were supplied by Robert
Kutner (Neuroscience Center of Excellence, Louisiana State University Health Sciences
Center). The cDNA for the dominant negative mutant form of CREB in which Ser133
was replaced by Ala was provided as a gift from Marc Montminy (The Salk Institute of
Biological Studies). The lentivirus vector backbone carried the CMV promoter with
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either the mCREB or LacZ gene. The virus preparation methods are as described
previously (Kuroda, Kutner, Bazan, & Reiser, 2008). The estimated titer of these
lentivirus vectors was 109 infectious units/ ml.
Surgical procedure
Stereotaxic surgery was performed on all rats in a class II biohazard cabinet
(Labconco, Fischer Scientific). Rats were anesthetized with a continuous flow of a
gaseous mixture containing isoflurane and oxygen and secured in a stereotaxic frame
(Kopf Instruments). The skin was incised along the midline of the head and retracted.
Holes were drilled through the skull bilaterally above the target coordinates. Immediately
before infusion, 2 µl of 20% mannitol (Sigma-Aldrich) were mixed with 4 µl of LVmCREB, LV-LacZ, or saline. Bilateral infusion needles connected to Hamilton syringes
via polyethylene tubing (Plastics One) were loaded with the mixture and inserted through
the holes into the brain. The infusion coordinates were (site 1: AP = -3.1, ML = ±1.4, DV
= 3.8; site 2: AP = -4.4, ML = ±3.3, DV = 3.3). The needles were lowered 0.2 mm past
the DV coordinate and then raised to the specified DV coordinate to create a potential
space to aid diffusion. Then, 6 µl of the mixture were infused at 0.2 µl/min using a dual
syringe infusion pump, (Fischer Scientific) and the needle was left in place an additional
5 minutes to facilitate diffusion. The needles were then removed, the drill holes were
sealed with bone wax and the incision closed. All rats were given an intramuscular
injection of 0.1 ml (0.006 mg) buprenorphine as a postoperative analgesic. Once removed
from the stereotaxic frame, all rats were placed in a recovery box with an overhead heat
lamp until ambulatory and were later returned to their home cages in the vivarium. The
number of rats in treatment conditions were mCREB = 13, LacZ = 8, and Saline = 8. All
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rats were given two weeks to recover from surgery as well as for the lentivirus to reach
its maximum expression (Kuroda et al, 2008; Sun & Gan, 2011) and then trained on the
place task and contextual fear conditioning.
Apparatus
Water plus-maze
A plus-shaped transparent Plexiglas apparatus with each arm/channel measuring
50 cm x 21cm x 35 cm (L x W x H) was placed inside the center of the water maze (1.83
m diameter and 0.58 m height) filled with water. The maze consisted of Plexiglas walls
that formed channels in which rats swam. Each arm extended 30 cm above the water
level allowing the rats to see through the transparent walls while swimming. The maze
was surrounded by a black curtain with three-dimensional cues in each quadrant of
varying colors and patterns attached to the curtain. The water was mixed with 250 ml of
white tempera paint and maintained at 25 - 26° C throughout the behavioral procedures.
A white removable platform measuring 12 cm x 20.5 cm (L x W) was fixed at one end of
the arm 2 cm below the water surface. All behavioral measures of performance in the
water maze were obtained with a computer tracking system (HVS image 2100 tracking
system).
Contextual fear conditioning chamber
A chamber measuring 20.3 cm x 25.4 cm x 20.3 cm (L x W x H) was used to train
and test rats (Avoidance Monitor LM100, Kinder Scientific). The chamber lid contained
a house light and a video camera to visualize the behavior. The floor was a removable
stainless steel shock grid. All walls had a smooth black surface with no additional visual
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cues. The floor was sprinkled with 1% acetic acid during training and testing and the
chamber was cleaned with ethanol between rats.
Behavioral training
Place learning
Two weeks following hippocampus infusion, rats were given 30 trials in a water
plus-maze (day 1). Each trial started with the rat being placed in the maze facing the
inside wall of the N, S, or E arms in pseudorandom order. The trial ended when the rat
found the hidden platform on the W arm or 60 seconds had elapsed. If the rat failed to
find the hidden platform within 60 seconds, the experimenter guided the rat to the
platform. Following completion of each trial, the rat remained on the platform for 15
seconds. The intertrial interval was 15 seconds during which the rat was placed in an
opaque plastic cage and covered with a lid to avoid interference from surrounding cues.
A full-body entry into an incorrect arm was marked as an error. All rats received an
additional 30 trials on day 2 and day 7.
Contextual fear conditioning
On day 8, all rats were trained on a contextual fear conditioning task using a
single shock protocol (Wiltgen et al. 2006). Each rat was placed in the chamber and
allowed to explore for 5 minutes followed by a single foot shock (1.5 mA; 2 seconds)
delivered through the grid floor. Rats remained in the chamber for 30 seconds following
the shock. All rats were tested 24 hours after training. The testing session consisted of
placement back into the original chamber and lasted for 8 minutes. Percentage of time
spent freezing (absence of all movement except respiration) was measured during the test
session as a measure of memory. During the test session, an observer blind to the
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treatment conditions scored the rats’ responses as freezing or no freezing every 8
seconds. Percentage freezing was calculated using the formula (number of freezing
responses / total number of responses) multiplied by 100.
Tissue Preparation
Western blot tissue preparation
One hour after the contextual fear conditioning test, all rats were sacrificed by
decapitation. The one-hour time point was chosen so that a group could be tested and
then processed for western blotting. Dissection to remove the entire hippocampus
bilaterally was performed on an ice-cold stage and the tissue was bisected across the
septal-temporal axis to isolate the dorsal hippocampus. The tissue samples were weighed
and homogenized in 5 volumes of ice-cold buffer [20 mM Tris.HCl (pH 7.4) /0.25 M
sucrose/2 mM EDTA/10 mM EGTA/5mM DTT/0.234 mM leupeptin/1 mM PMSF]. A
portion of the total homogenate (30µl) was removed and stored at -20°C until the total
protein concentration was measured using the Bradford protein assay (Bradford, 1976).
The remaining portion of the homogenate was mixed (1:1) with 2x sample buffer (0.2 M
SDS/20% glycerol/10% ß- mercaptoethanol/0.004% bromophenol blue/1.5% Tris) and
heated in a boiling water bath for 5 min. The boiled samples were vortexed and stored at 20°C until Western blot analysis.
LacZ-staining tissue preparation
Twenty two days following surgical infusion of Lac-Z, four rats from the Lac-Z
group were injected with a mixture of ketamine-xylazine (ketamine [100 mg/kg body
weight]/xylazine [7 mg/kg body weight]) solution and perfused transcardially with icecold 2% NaNO3 in 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate
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buffer. The brains were removed and postfixed in 4% paraformaldehyde overnight and
then transferred to a 20% sucrose solution at 4°C until sectioning. Fifty micrometer
coronal sections were taken from the dorsal hippocampus -1.72 to -5.28 mm relative to
bregma (Paxinos & Watson, 2007) using a freezing microtome and stored in
cryoprotectant at -20°C until staining.
Western blotting and analysis
Tissue homogenates from individual rats were normalized by total protein
concentration through dilution with a 1:1 mixture of 2x sample buffer: running buffer.
Normalized homogenates from samples (15 µg total protein/25µl) and standards
(homogenates from naïve rats in a linear range from 5 to 45 µg total protein) were
resolved on 12% SDS/PAGE. After separation, the gels were transferred
electrophoretically overnight at 4°C to PVDF immobilon membranes (Millipore).
Membranes were washed with PBS 3 x 5 min and blocked with NFDM-TWEEN-PBS 3 x
15 min. Membranes were then incubated overnight at 4°C with 1° antibody specific for
CREB (1:1000, Rabbit mAb, # 9197L, Cell Signaling) or for pCREB (1:1000; Rabbit
polyclonal, # 06-519, Upstate). Membranes were again washed and blocked as described
above and then incubated for 90 min at room temperature with goat anti-rabbit 2°
antibody conjugated to HRP (1:10,000, Kirkegaard & Perry Laboratories, Gaithersburg,
MD). After 2° antibody incubation, the membranes were washed with 0.1%Tween-20
PBS solution 6 x 15 min and then incubated for 5min in a chemiluminescent reagent
(SuperSignal West Pico Chemiluminescent substrate, Thermo Scientific). The
membranes were exposed to Kodak Scientific imaging film for different time intervals
from 1-10 min and developed.

71
Images of films were digitally captured using Flashpoint 128 Framegrabber and
analyzed using MCID analysis software. Each band area was screened individually to
obtain an integrated measure comprised of optical density multiplied by the band area in
pixels. The standard curve obtained from known concentrations of total protein from
naïve rats was used to determine the relative levels of CREB in individual samples
(Colombo, Wetsel, & Gallagher, 1997). The CREB antibody did not distinguish between
mCREB and endogenous CREB as the epitope is not selective for the Ser/Ala 133 site,
thus differences in CREB levels between mCREB-treated and control groups were
interpreted as due to expression of mCREB.
LacZ Staining Method
Sections were washed with 0.1 M PBS 3 x 5 min and then incubated overnight in
a solution containing 5mM potassium ferrocyanide, 4.8mM potassium ferricyanide,
20mM MgCl2, 5-bromo-4-chloro-3-indolyl-ß-D-galactopyranosidase (0.2 mg/ml;
Boehringer Mannheim, Indianapolis, IN) in 0.1 M PBS. The incubating trays were
covered with foil to protect them from light. The sections were washed with PBS 3 X 5
min, mounted, air dried and then coverslipped.
Statistical Analyses
The total number of errors made during place training and the freezing response
measured during contextual fear testing were analyzed using repeated measures ANOVA.
Aposteriori comparisons were performed using Fisher’s LSD test. One-way ANOVA was
used to determine the effect of treatment on the percent freezing during contextual fear
testing and the levels of CREB protein in the dorsal hippocampus. Significance levels for
all tests were set at p< 0.05.
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3. Results
Expression of LV-mCREB in the dorsal hippocampus impairs memory processing,
but not acquisition of place learning
The numbers of errors made during the 30 training trials on day 1 were grouped into three
blocks of ten trials each. Repeated measures ANOVA revealed a significant effect of
block (F(2, 54) = 7.95, p < 0.001), no effect of treatment (F(1, 27) = 0.01, p = 0.901), and no
interaction between block and treatment (F(2, 54) = 0.36, p = 0.697). Therefore, on day 1 of
place training all rats demonstrated significant improvement over three blocks and there
was no difference between treatment groups in the number of errors (Fig. 3A.2A).
Additionally, one way ANOVA showed no significant difference between treatment
groups in the average swim speed during place training on day 1 (F(2, 26) = 0.58, p =
0.565), on day 2 (F(2, 26) = 0.30, p = 0.738) or on day 7 (F(2, 23) = 0.17, p = 0.845). These
findings show that expression of mCREB in the dorsal hippocampus did not impair
motivation, locomotion, or acquisition of the task.
Trials on day 2 and day 7 were also analyzed by repeated measures ANOVA. On
day 2, there was a significant effect of block (F(2, 54) = 27.81, p < 0.001), no effect of
treatment (F(1, 27) = 2.94, p = 0.097), and no interaction between block and treatment (F(2,
54)

= 2.12, p = 0.129). However, mCREB-infused rats made more errors on block 2 than

did controls (p < 0.05) (Fig. 3A.2B). On day 7, the analysis revealed a significant effect
of treatment (F(1, 23) = 5.42, p = 0.029) and of block (F(2, 46) = 5.49, p = 0.007), and no
interaction between treatment and block (F(2, 46) = 0.90, p = 0.411). Post-hoc analyses
showed that mCREB-infused rats made more errors on blocks 2 and 3 in comparisons
with controls (Fig. 3A.2C). These findings suggest that interference with CREB function
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does not alter learning to solve the place task, but results in a weakened memory, or one
that is less accessible for modification of behavior and subsequent learning.

Figure 3A.2. Chronic expression of mutant CREB in the dorsal hippocampus impairs
retention but not acquisition of place learning. Number of errors during place learning on
days 1, 2, and 7 (A) On day 1, both control and mCREB groups improved significantly
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across blocks. (p <0.01). (B) On day 2, mCREB-infused rats made more errors than
controls on the second block. (p <0.05). (C) On day 7, mCREB-infused rats made more
errors than controls during the second and third blocks. (p <0.05). Bars indicate mean ±
SEM.
Expression of LV-mCREB in the dorsal hippocampus impairs long-term memory
for contextual fear conditioning
LV-mCREB-infused rats froze significantly less than did controls during the first 200
seconds of a test of contextual fear conditioning conducted 24 hours after training (F(1, 24)
= 4.63, p = 0.041) (Fig. 3A.3A). Controls infused with either Lac-Z or saline did not
differ on any measures of contextual fear conditioning or place training thus they were
pooled for subsequent analyses. Analysis of the percent freezing during the entire 8
minute test revealed a non-significant treatment effect (F(1, 24) = 4.15, p = 0.052) (Fig.
3A.3B), suggesting that fear was revealed most strongly during the initial period of the
test. Overall, these findings indicate that overexpression of mCREB in the dorsal
hippocampus impairs formation of long-term memory for contextual fear conditioning up
to three weeks after infusion. Furthermore, these results show that the effects of
manipulations of mCREB are consistent across tasks that are known to be hippocampusdependent up to three weeks after the time of infusion.
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Figure 3A.3 Memory for contextual fear conditioning. (A) mCREB-infused rats froze
significantly less than control rats during the first 200 seconds. (p <0.05). Bars indicate
mean ± SEM. (B) Freezing measured in blocks of 2 minutes between mCREB and
control rats during the 8 minute test.
Expression of LV-mCREB in the dorsal hippocampus significantly increases the
levels of hippocampal CREB
Semi-quantitative western blotting confirmed that LV-mCREB infused rats had a
significant increase in the levels of total CREB protein in the dorsal hippocampus in
comparison with controls (F(1, 23) = 23.39, p < 0.001) (Fig.3A.4A, B). Although the CREB
antibody did not distinguish between mCREB and endogenous CREB, the increase in
total CREB protein levels is most likely due to overexpression of mCREB. Three rats
infused with LV-mCREB sacrificed on day 2 following place training also showed
increased levels of total CREB and were not different from the remaining LV-mCREB
infused rats (F(1, 11) = 4.14, p = 0.067) thus all mCREB-infused rats were pooled for
analysis.

76

Figure 3A.4. Representative Western blot image (A) showing standards prepared from
naïve rats in a linear range from 5-45 µg total protein and samples prepared at 15 µg total
protein (B) mCREB-infused rats showed a significant increase in the levels of total
CREB in the dorsal hippocampus. (p <0.001). mC = mutant CREB and C = Control. Bars
indicate mean ± SEM.
LV-mCREB infused rats showed a significant reduction in the ratio of
phosphorylated CREB (pCREB) to total CREB
Semi-quantitative western blotting revealed that LV-mCREB-infused rats and
controls had no difference in levels of pCREB in the dorsal hippocampus (F (1, 23) = 0.958,
p = 0.337) (Fig. 3A.5A). This finding suggests that overexpression of the mutant form of
CREB did not change basic cellular mechanics or cause a compensatory increase in
endogenous CREB expression. Analysis of the ratio of pCREB to total CREB revealed a
significant reduction in mCREB-infused rats in comparison with controls (F 1, 23) = 33.99,
p < 0.001) (Fig. 3A.5B). The decreased pCREB/ CREB ratio in mCREB-infused rats is
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most likely due to expression of ser133 deficient CREB being added to the endogenous
pool of CREB.

Figure 3A.5. Western blot analysis of pCREB and total CREB (A) mCREB-infused rats
showed no change in the levels of pCREB in the dorsal hippocampus. (p = 0.33). (B)
mCREB-infused rats showed a significant decrease in the ratio of pCREB to total CREB
in comparison with controls. (p <0.001). Bars indicate mean ± SEM.

LV-LacZ staining shows localization of virus-mediated gene expression.
LV-LacZ infused rats (n=4) showed evidence of ß-galactosidase positive cells
restricted to the dorsal hippocampus (Fig.3A.6). Visual inspection of the stained sections
revealed dark blue ß-galactosidase staining which extended from approximately -2.3 mm
to -5.0 mm in relation to bregma. Furthermore, no staining was found in regions outside
of the hippocampus showing that manipulations using viral vectors are site specific and
restricted to the area in which they are infused.
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Figure 3A.6. Representative image of ß-galactosidase positive cells in the dorsal
hippocampus.
4. Discussion
In the present study, we tested a new method for chronic, stable expression of a
dominant-negative form of CREB (mCREB) in the dorsal hippocampus using lentiviral
vectors. The main finding is that expression of mCREB in the dorsal hippocampus
significantly impairs memory and that the effect generalizes across two different
hippocampus-dependent tasks—place training and contextual fear conditioning—
measured over a 3-week period. Thus lentiviral manipulations are well-suited to screen
multiple behavioral tests following a single, chronic manipulation of CREB. During place
training, control and mCREB-treated rats improved at the same rate on day 1. In addition,
there were no differences among groups in measures of swim speeds on days 1, 2, or 7 of
place training, indicating that mCREB expression does not alter motor ability or
motivation. This suggests that there were no differences in sensory or motor processing
between controls and mCREB-treated rats during acquisition, and that CREB-mediated
gene expression is not necessary during the early stage of learning. On day 2, there was
no significant effect of treatment overall, but mCREB-infused rats made more errors on

79
block 2 than controls. On day 7, mCREB-treated rats made significantly more errors than
controls overall. Although the results of place training on day 1 clearly show that
expression of mCREB does not alter the initial stage of learning, it is important to note
that rats infused with mCREB also did not differ from controls during the first block of
trials on days 2 and 7 after training. This finding shows that the treatment did not
completely block formation of memory. The impairment observed on subsequent blocks
of trials on days 2 and 7 suggest that mCREB-infused rats had either a weakened memory
trace or one that was not as readily accessible for retrieval and further improvement on
the task. This explanation is consistent with previous reports that expression of HSVmCREB did not alter learning, but impaired memory (Brightwell, et al., 2005), and with
evidence that suppression of CREB with antisense oligonucleotides (Guzowski &
McGaugh, 1997; Florian, et al., 2006), and K-CREB mutation in transgenic mice
(Pittenger, et al., 2002) impair long-term memory. Of importance, the current findings
also demonstrate that chronic expression of mCREB using lentivirus and acute
expression of mCREB using herpes simplex virus (Brightwell, et al., 2005) both cause
memory impairment. This finding is of interest since previous reports have not always
indicated that acute and chronic treatments cause similar effects on memory. For
example, Mouravlev et al., (2006) reported that chronic overexpression of wild-type
CREB in the hippocampus had no effect on spatial memory in rats three months of age,
even though these rats had attenuated age-related memory impairments at fifteen months
of age. In contrast, acute overexpression of CREB in the hippocampus using herpes
simplex virus (Brightwell, et al., 2007) and sindbis virus (Restivo, et al., 2009) vectors
facilitates long-term spatial and non-spatial memory, respectively. It appears that acute
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and chronic manipulations may cause similar or different effects on memory depending
on the task or viral vector used, and further research is necessary to address this issue
systematically.
Our current results are consistent with other reports that the hippocampus is
necessary for contextual fear conditioning. In specific, lesions (Phillips & LeDoux, 1992;
Maren & Fanselow, 1997; Wiltgen, Sanders, Anagnostaras, Sage, & Fanselow, 2006),
pharmacologic manipulations (Young, Bohenek, & Fanselow, 1994; Gale, Anagnostaras,
& Fanselow, 2001; Bast, Zhang, & Feldon, 2003), and transgenic models with deficient
Src-Fyn (Isosaka et al., 2008) in the dorsal hippocampus impair long-term memory for
contextual fear conditioning. Thus, in addition to demonstrating that effects of mCREB
generalize across hippocampus-dependent tasks, the current results extend our
understanding of the role of CREB, and the requirement of hippocampal plasticity, in
memory for contextual fear conditioning.
CREB levels in the dorsal hippocampus were increased by about 40% in mCREBtreated rats in comparisons with controls. The increase in CREB is most likely due to
expression of mutant CREB protein adding to the endogenous pool. This conclusion is
supported by the finding that the ratio of pCREB to total CREB was significantly
decreased in the mCREB-treated rats in comparisons with controls. Since both groups
have similar levels of pCREB, the most plausible explanation for the lower ratio of
pCREB to total CREB is that the mCREB-treated rats have an increase in levels of the
mutant CREB that cannot be phosphorylated at ser133. Even though the mCREB protein
cannot be phosphorylated at ser133, preventing interaction with CREB binding protein, it
can still bind to the cAMP response element, and thus compete with endogenous CREB
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and disrupt gene transcription (Carlezon et al., 1997). LV-LacZ-infused rats expressed
the control protein β-galactosidase in the dorsal hippocampus (See Fig 3A.6) and visual
inspection confirmed that immunoreactivity was restricted to the cornu ammonis and
dentate gyrus cell layers of the dorsal hippocampus. This demonstrates that viralmediated gene expression was well-localized to the target region and not found elsewhere
in the brain. Taken together, the evidence of β-galactosidase-positive cells in all cell
layers of the dorsal hippocampus and increased levels of total CREB with no change in
pCREB, indicate that memory impairment in mCREB-infused rats is most likely due to
expression of the mutant CREB protein in the dorsal hippocampus.

5. Conclusion
Overall the current study shows that chronic manipulations of CREB protein can
be achieved by administration of lentivirus vectors to the hippocampus, and that the
effects on memory generalize across hippocampus-dependent tasks. In addition, the
current findings show that long-term expression of mCREB using lentiviral vectors
produce effects on memory similar to those reported after short-term expression of
mCREB using HSV vectors. To our knowledge, this is the first report of effects on
memory produced by lentiviral manipulations of CREB. Lentivirus vectors produce
stable, chronic gene expression whereas HSV vectors produce maximal expression three
days after infusion and decline to basal levels by seven days (Carlezon et al., 1997). We
anticipate that the use of lentivirus-mediated gene expression will facilitate research of
chronic interventions for treatments of memory disorders and neurodegenerative
conditions.
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This experiment demonstrated that lentiviral vectors can be safely used to
overexpress for longer duration and can be used to produce consistent effect on multiple
behavioral tasks in the same group of animals. This lead us to frame our next experiment
with lentiviral vectors expressing wild type CREB in the striatum and test the animals on
2 different tasks that are dependent on different memory systems.
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B) Lentivirus overexpression of CREB in the dorsolateral striatum impairs long-term
memory for place learning: Evidence for a competitive interaction between the striatum
and the hippocampus

Introduction
Extensive research has shown that the hippocampus and the dorsolateral striatum
are necessary for place and response learning, respectively. Little is known about whether
these regions are primarily independent or interactive during memory formation. We
reported that learning-induced phosphorylation of the transcription factor CREB is
sustained in the hippocampus and the dorsolateral striatum of rats that use place and
response strategies, respectively (Colombo et al., 2003). In addition, we reported that
overexpression of CREB in the dorsal hippocampus facilitates long-term memory (LTM)
for place learning (Brightwell et al., 2007) and overexpression of mutant CREB in the
striatum impairs LTM for response learning (Brightwell et al., 2008). Notably, expression
of CREB or mCREB in the hippocampus had no effect on response learning, supporting
the view that plasticity in the hippocampus does not influence striatum-dependent
memory formation. In contrast, transgenic mice expressing mCREB in the striatum
showed impaired cued learning, but enhanced spatial learning (Lee et al., 2008)
suggesting that the striatum may compete with the hippocampus. In the present study, we
overexpressed CREB chronically using a Lentivirus vector in the dorsolateral striatum to
test the hypotheses that increasing CREB levels in the dorsolateral striatum facilitates
LTM for response learning and alters hippocampus-dependent place learning.
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Methods
Subjects
Twenty-nine in-house bred adult male Long-Evans hooded rats, weighing
between 300 -350 g, were used in this study. All rats were housed individually in plasticbottom cages with sawdust bedding and ad libitum access to food and water in a
humidity- and temperature-controlled colony room. The room was set on a 12-h artificial
light/dark cycle (lights on at 7:00 A. M.) with behavioral procedures conducted during
the light phase of the cycle. All experimental procedures were performed in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Tulane University Institutional Animal Care and Use
Committee. A timeline of the experiment is shown in the Figure 3B.1

Figure 3B.1. Schematic representation of experimental design
Lentivirus vector-mediated gene transfer
The lentivirus (LV) vectors (LV-CREB and LV-LacZ) methods of preparation are
the same as described earlier.
Surgical procedure
The stereotaxic methods used to infuse the viral vectors were as described in
Kathirvelu et al (2013). In brief, rats were anesthetized with a continuous flow of a
gaseous mixture containing isoflurane and oxygen and secured in a stereotaxic frame
(Kopf Instruments). Bilateral dorsolateral striatal infusions were made at AP = - 0.26
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mm, ML = +/-4.2 mm, and DV = -5.0 mm. The needles were lowered 0.2 mm past the
DV coordinate and then raised to the specified DV coordinate to create a potential space
to aid diffusion. Then, 6 µl of the mixture were infused at 0.2 µl/min using a dual syringe
infusion pump (Fischer Scientific) and the needle was left in place an additional 5
minutes to facilitate diffusion. The needles were then removed, the drill holes were sealed
with bone wax and the incision closed. All rats were given an intramuscular injection of
0.1 ml (0.006 mg) buprenorphine as a postoperative analgesic. Once removed from the
stereotaxic frame, all rats were placed in a recovery box with an overhead heat lamp until
ambulatory and were later returned to their home cages in the vivarium. The number of
rats in treatment conditions were LV-CREB = 13, LV-LacZ = 8, and Saline = 8. All rats
were given two weeks to recover from surgery as well as for the lentivirus to reach its
maximum expression (Kuroda et al, 2008; Sun & Gan, 2011) and then trained on the
response task in a water plus-maze.
Apparatus and Behavioral training
Water plus-maze
The apparatus is the same as described in previous experiment.
Response task
Two weeks following striatal infusion, rats were trained on a response task in the
water plus-maze. During all trials, the arm opposite to the start arm was blocked by a
transparent Plexiglas barrier to produce a T-shaped maze with the animal allowed to
make a choice between left and right arms. Initially, all rats were given a pre-trial starting
from the south arm with no platform on the east or west arms to determine the turning
preference. All rats were later trained to a criterion of 9 out of 10 correct choices to find a
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hidden platform against their initial preference. Each trial started with the rat being
placed in an arm facing away from the center of the maze. All four arms were used as
start arms in pseudorandom order. For example, an animal which showed initial
preference on left will have an escape platform always on the right irrespective of which
arm they start on the T-maze. The trial ended when the rat found the hidden platform or
60 seconds had elapsed. If the rat failed to find the hidden platform within 60 seconds,
the experimenter guided the rat to the platform. Following completion of each trial, the
rat remained on the platform for 15 seconds. The intertrial interval was 15 seconds during
which the rat was placed in an opaque plastic cage. A full-body entry into an incorrect
arm was marked as an error. All rats were given a 4-trial retention test at one, two, three,
four and 6 weeks.
Place task
All rats were trained on a place task to a criterion of 9 out of 10 correct choices.
Each trial started with the rat being placed in the maze facing the inside wall of the N, S,
or E arms in pseudorandom order. The trial ended when the rat found the hidden platform
on the W arm or 60 seconds had elapsed. If the rat failed to find the hidden platform
within 60 seconds, the experimenter guided the rat to the platform. Following completion
of each trial, the rat remained on the platform for 15 seconds. The intertrial interval was
15 seconds during which the rat was placed in an opaque plastic cage and covered with a
lid to avoid interference from surrounding cues. A full-body entry into an incorrect arm
was marked as an error. Six days later, all rats were tested again on the place task to
criterion of 9 out of 10 correct choices.
Tissue Preparation

87
Western blot tissue preparation
One hour after the place test, all rats were sacrificed by decapitation and levels of
total CREB were measured by western blot as described in Kathirvelu et al., (2012). In
brief, dissection to remove the entire dorsal striatum bilaterally was performed on an icecold stage and the tissue was bisected along the medio-lateral axis to isolate the
dorsolateral striatum. The tissue samples were processed and stored as described
previously. Western blotting and LacZ staining methods were done in the similar manner
as described in earlier experiments and as in Kathirvelu et al., (2012).

Results
Overexpression of LV-CREB in the dorsolateral striatum had no effect on response
training
ANOVA comparing the number of trials to reach criterion during response
training showed no difference between LacZ (N=8) and saline infused rats (N=8) (F(1, 14)
= 0.867, p = 0.367). Thus, both LacZ and saline groups were pooled as controls. One-way
ANOVA showed no difference in the numbers of trials to reach criterion between CREBtreated and control rats during response training (F(1, 27) = 0.003, p = 0.951). Thus,
overexpression of CREB in the dorsolateral striatum did not impair response learning.
Figure 3B.2
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Figure 3B.2. Response training. Overexpression of CREB in the striatum did not have
any effect on acquisition of the response task.

Overexpression of LV-CREB in the dorsolateral striatum had no effect on memory
for response training at any of the time points tested, likely due to ceiling
performance
The number of correct choices made during the four trial retention test at different
time intervals was analyzed using repeated measures ANOVA. The analysis revealed no
significant effect of treatment (F(1, 23) = 1.129, p = 0.298), delay (F(4, 92) = 0.441, p =
0.778) nor interaction (F(4, 92) = 0.474, p = 0.754). Thus, overexpression of CREB in the
dorsolateral striatum did not enhance response memory as hypothesized. One reason for
this effect might be due to the 4-trial memory retention test, where all rats irrespective of
treatment conditions performed near ceiling. Figure 3B. 3
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Figure. Response test. Overexpression of CREB in the striatum did not have any effect on
memory for response task
Overexpression of LV-CREB in the dorsolateral striatum impairs memory, but not
acquisition for place learning.
The number of trials to reach criterion performance during place training and test
between treatment groups was analyzed using factorial ANOVA. Overexpression of
CREB in the dorsolateral striatum impaired memory for place learning as measured by
the difference in the number of trials to criterion between training and testing among LVCREB-treated rats. Overall, the analysis revealed no significant effect of treatment (F(1, 40)
= 0.272, p = 0.604), a significant effect of delay (F(1, 40) = 12.312, p = 0.001) and no
significant interaction between treatment and delay (F(1, 40) = 2.55, p= 0.117). The
significant effect of delay is due to the higher number of trials to reach criterion during
training when compared to testing.. However, the main comparisons are the differences
in the number of trials to reach criterion between training and testing among control
groups separately and among CREB-treated groups separately. LSD post hoc comparison
showed, controls took fewer number of trials to reach criterion during the place test than
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during training (p < 0.01), whereas CREB-treated rats took an equivalent number of
trials. Figure 3B.4

Figure 3B.4. Place training and testing. Controls took fewer trials to reach criterion
during the place test than during training (p < 0.01), whereas CREB-treated rats took an
equivalent number of trials.
Expression of LV-CREB in the dorsolateral striatum significantly increases the
levels of striatal CREB
Semi-quantitative western blotting confirmed that LV-CREB treated rats had a
significant increase in the levels of total CREB protein in the dorsolateral striatum in
comparison with controls (F(1, 23)=17.83, p < 0.001). LV-LacZ- and saline-infused rats
did not differ in the levels of total CREB in the dorsolateral striatum (F(1, 10)= 0.005, p=
0.939) and were pooled as control for analysis. Three rats infused with LV-CREB
sacrificed following response training, two weeks following infusion also showed
increased levels of total CREB F(1, 13)=5.67, p= 0.03 and were not different from the
remaining LV-CREB infused rats F(1, 11) = 0.903, p= 0.36 thus all LV-CREB infused rats
were pooled for analysis. Figure 3B.5
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Figure 3B.5 CREB levels in the dorsolateral striatum. CREB-infused rats showed a
significant increase in the levels of total CREB protein in the dorsolateral striatum (p
<0.001). Bars indicate mean ± SEM.
Discussion and Conclusion
The results from this experiment demonstrate that infusion of lentiviral CREB in
the dorsolateral striatum significantly increased the levels of total CREB in the striatum
in comparison with controls as measured by western blot. The increased levels of CREB
in the dorsolateral striatum did not have any effect on response learning as both CREBtreated and control rats did not differ in the mean number of trials to reach the criterion. ..
The results from memory testing at different time intervals showed that CREB-treated
and control rats did not differ in memory for response training at any of the time points
tested. One possible interpretation for this is the 4-trial retention test, where there is no
room to show the facilitatory effect as both groups performed near ceiling at all-time
intervals. So, in this experiment we were unable to test the facilitatory effect of CREB
overexpression in the striatum on long term memory for response learning.
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The results also demonstrate that lentiviral overexpression of CREB in the
dorsolateral striatum did not have any effect on acquisition of the place task, as both
CREB-treated and controls show no difference in the mean number of trials to reach
criterion performance. When the animals were tested six days following training, controls
showed a significant decrease in the number of trials to reach criterion in comparison to
training , whereas CREB-treated rats did not. This finding suggests that memory for
response training was stronger for CREB-treated rats compared to controls, although the
effect was not revealed during response testing due to ceiling performance by both CREB
and control groups. This is supported by the finding that only CREB-treated rats showed
impaired memory on the place task when tested 6 days later following place training
whereas control rats were able to significantly improve on place learning on the test day
performance. Taken together, the present results suggest that the strong memory trace
formed in the dorsolateral striatum during response training competes with the
hippocampus-dependent place memory. The impairment in place memory caused by
overexpression of CREB in the dorsolateral striatum is consistent with a competitive
interaction of the striatum on the hippocampus.
Although this experiment showed evidence for competitive interaction, the
primary hypothesis that lentiviral overexpression of CREB in the dorsolateral striatum
enhances striatum-dependent memory was not tested as the response memory test did not
give room to show the facilitatory effect of CREB. Thus, the following experiment tested
the same hypothesis with another striatum-dependent task: cued learning, Also, we tested
whether or not overexpression of CREB in the striatum has an interactive effect on
another hippocampus dependent task: contextual fear conditioning.
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C) Lentivirus overexpression of CREB in the dorsolateral striatum facilitates long-term
memory for cue learning and contextual fear conditioning: Evidence for a cooperative
interaction between the striatum and the hippocampus

Introduction
Extensive research has shown that the dorsal striatum and the hippocampus are
necessary for cue learning and contextual fear conditioning, respectively (Packard and
McGaugh, 1992; Phillips and LeDoux 1992). We reported that another form of striatumdependent learning--response learning--alters phosphorylation of the transcription factor
CREB in the dorsal striatum (Colombo et al., 2003) and that expression of mutant CREB
in the dorsolateral striatum impairs long-term response memory (Brightwell et al., 2008).
Taken together, these results indicate that CREB is important for striatum-dependent
long-term memory. Based on these reports we tested the hypothesis that overexpression
of CREB in the dorsolateral striatum enhances memory for striatum-dependent response
learning.
An earlier experiment revealed that a 4 trial retention test for response memory
did not show evidence for memory enhancement as both CREB-treated and control
groups were performing at ceiling. Thus we tested the same hypothesis with another
striatum-dependent task: cue learning. In addition we tested whether increasing CREB
levels in the striatum can contextual fear conditioning, a task widely held to be
hippocampus-dependent. In this study, we used the same manipulation using lentiviral
vector to overexpress CREB chronically in the dorsolateral striatum.

94
Methods
Subjects
Twenty-six in-house bred adult male Long-Evans hooded rats, weighing between
300 -350 g, were used in this study. All rats were housed individually in plastic-bottom
cages with sawdust bedding and ad libitum access to food and water in a humidity- and
temperature-controlled colony room. The room was set on a 12-h artificial light/dark
cycle (lights on at 7:00 A. M.) with behavioral procedures conducted during the light
phase of the cycle. All experimental procedures were performed in accordance with the
NIH Guide for the Care and Use of Laboratory Animals and were approved by the
Tulane University Institutional Animal Care and Use Committee. A timeline of the
experiment is shown in the Figure 3C.1

Figure 3C.1 Schematic representation of experimental design
Apparatus
Water maze
The water maze was a white circular pool (diameter 1.83 m × height 0.58 m) located in a
room containing several extramaze cues. The pool was filled to 0.35 m with warm water
and made opaque by adding white tempera paint (~250 ml). The water temperature was
maintained between 25-26° C throughout the behavioral procedures. A rubber ball
painted white and black on top and bottom half, respectively was firmly attached to a
removable white circular (diameter 15 cm) platform. The top half was made white so that
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the top angled camera captures the black colored Long-Evans rat but not the ball. The
black colored bottom half acted as a cue located at the water level. When placed in the
water maze the ball was visible with the platform submerged 2 cm below the water level.
All behavioral measures of performance in the water maze were obtained with a
computer tracking system (HVS image 2100 tracking system).
Contextual fear conditioning chamber
The apparatus was the same as described earlier and as in Kathirvelu et al.,
(2012).
Behavioral training
Cued task
Two weeks following intra-striatal infusion, all rats received one training session
(8trials) of cue learning in a water maze. On each trial, rats were allowed to escape onto a
visibly cued hidden platform. The escape platform was placed in one quadrant (SE, SW,
NE, and NW) location on each trial, such that each of the quadrant locations contained
the platform on 2 of the 8 trials. All four start locations were used twice within the eight
trials in random order. If the rat failed to find the hidden platform within 60 seconds, the
experimenter guided the rat to the platform. Following completion of each trial, the rat
remained on the platform for 20 seconds. The intertrial interval was 30 seconds during
which the rat was placed in an opaque plastic cage. The latency to mount the escape
platform was recorded and used as a measure of task acquisition. A four-trial memory
retention test was given 24 hours later. Latency to mount the escape platform was
recorded on the test trials to assess memory for the cued task.
Contextual fear conditioning
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One week after the completion of cue testing, CREB (n=6) and control (n=7) rats
were trained on a contextual fear conditioning (Kinder Scientific) task using a single
shock protocol (2s, 1.5 mA) and tested 24 hours later. The behavior protocol is the same
as described in Kathirvelu et al., (2012). Percentage of time spent freezing (absence of all
movement except respiration) was measured during the test session as a measure of
memory. Percentage freezing was calculated using the formula (number of freezing
responses / total number of responses) multiplied by 100.
Tissue preparation
The methods used to dissect striatal tissue and quantify CREB protein using western blot
were the same as described earlier. The lacZ staining method was the same as described
in Kathirvelu et al., (2013). Representative image of lacZ expression in the dorsolateral
striatum is shown in figure 3C.6
Results
Overexpression of CREB in the dorsolateral striatum did alter acquisition of a cue
task
Acquisition of the cued task was examined using repeated-measures ANOVA
comparing the latency between groups. There was a significant effect of trial (F(7, 154)=
21.490, p < 0.001), no effect of treatment (F(1, 22)= 1.29, p= 0.267), and no interaction
between block and treatment (F(7, 154)= 0.43, p= 0.881). Thus on the day of training all
rats irrespective of treatment condition demonstrated significant improvement in the
latency over eight trials. LacZ and saline infused rats in the dorsolateral striatum did not
differ in latency (F(7, 91)= 0.435, p= 0.877). Thus both LacZ and saline groups were
pooled as controls. Additionally, there was no difference between treatment groups in the
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average swim speed during cued training (F(1, 22)= 0.326, p = 0.573) or testing (F(1,
22)=2.04,

p= 0.16). These findings show that overexpression of CREB in the dorsolateral

striatum did not impair motivation, locomotion, or acquisition of the cued task. Figure
3C.2

Figure 3C.2 Cue training. CREB-treated and control rats both improved significantly in
escape latency, and there were no differences between groups.
Overexpression of CREB in the dorsolateral striatum facilitated memory for cued
learning
Memory for cue learning was examined using repeated-measures ANOVA
comparing the latency between groups. There was a significant effect of treatment (F(1, 22)
= 5.28, p = 0.03), no effect of trial (F(3, 66) =1.50, p = 0.22), and no interaction between
block and treatment (F(3, 66) =1.61, p = 0.19). (Figure 3C. 3). The significant effect of
treatment between CREB-treated and control rats was due to CREB-treated rats
performing better in comparison to control groups in the escape latency, thus
demonstrating facilitated memory. LSD post-hoc comparison showed that CREB-treated
rats had lower latency on trials 1 and 2 in comparison to controls (p <0.05). Thus
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increased levels of CREB in the dorsolateral striatum enhanced long-term memory for
cue learning.

Figure 3C.3 Cue testing. CREB-treated rats had significantly lower escape latency than
controls (p <0.05)
Overexpression of CREB in the dorsolateral striatum facilitates long term memory
for contextual fear conditioning
Rats infused with LV-CREB in the striatum froze significantly more than did
controls during the first 4 min of a 24-h test of contextual fear conditioning (F(1, 11) =
8.20, p= 0.01). Figure 3C.4 . Analysis of the percent freezing during the entire 8min test
revealed a non-significant treatment effect (F(1, 11) = 3.7, p = 0.07), suggesting that
memory for the CFC task expressed as fear was most strongly revealed during the initial
period of the test. Overall, these findings indicate that overexpression of CREB in the
dorsolateral striatum facilitates long-term memory for contextual fear conditioning.
Enhanced memory for contextual fear conditioning, a reportedly hippocampus-dependent
task, suggests that the striatum might interact with the hippocampus in a cooperative
manner during memory formation or recall.
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Figure 3C. 4 Contextual fear conditioning data comparing amount of freezing: CREBtreated rats froze significantly more during the first 4 minutes than did controls (p <0.05)
Expression of LV-CREB in the dorsolateral striatum significantly increased the
levels of striatal CREB
Semi-quantitative western blotting confirmed that LV-CREB treated rats had a
significant increase in the levels of total CREB protein in the striatum in comparison with
controls (F(1, 20)=19.367, p < 0.001). Rats infused with LacZ- and saline did not differ in
the levels of total CREB in the dorsolateral striatum (p > 0.05) and were pooled for
further analyses. Four rats infused with LV-CREB sacrificed following cue testing two
weeks after infusion also showed increased levels of total CREB (F(1, 15)=17.15, p <
0.001) and this not differ from the remaining CREB infused rats (F(1, 8)= 0.002, p= 0.96)
thus all CREB infused rats were pooled for analysis. Figure 3C. 5.
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Figure 3C.5. Comparison of CREB levels in the dorsolateral striatum using Western blot.
CREB-treated rats showed a significant increase in the levels of total CREB in the
dorsolateral striatum (p <0.001).

Figure 3C. 6 Representative image of LacZ expression in the dorsolateral striatum

Discussion and Conclusion
In this study, we were able to demonstrate that lentiviral overexpression of CREB
in the dorsolateral striatum facilitated long-term memory for striatum-dependent cue
learning. In addition, the manipulation in the striatum facilitated memory for a
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hippocampus-dependent task, contextual fear conditioning. Thus we were able to
demonstrate that manipulation in one memory system can alter memory that is dependent
on another memory system. The manipulations using lentiviral vectors are well suited to
screen multiple behavioral tests that are dependent on different memory systems
following a single, chronic manipulation of CREB.
The current finding that increasing CREB levels in the striatum improves memory
for cue learning extends the results of previous reports in which lesion techniques were
used to implicate the dorsal striatum in cue learning (Packard and McGaugh, 1992).
During the day of training, both control and CREB-treated rats improved significantly in
the latency over the eight trials. In addition, there were no differences between groups in
measures of swim speed during training or testing; indicating that CREB manipulation in
the striatum does not alter motor ability or motivation. These findings suggest that
CREB-mediated gene expression might not be necessary during the initial stages of cue
learning. The findings that CREB-treated rats showed enhanced long-term memory for
cued learning is consistent with other reports where increasing the function of CREB
enhances long-term memory (Restivo et al., 2009, Brightwell et al., 2007).
The current finding that increasing levels of CREB in the striatum facilitates
memory for hippocampus dependent, contextual fear condition, suggests that the
hippocampus and striatum might be interacting during memory formation. It is possible
that memory for contextual fear conditioning might be in part consolidated in the
dorsolateral striatum. Overall, this finding suggests that the striatum might interact with
the hippocampus in a cooperative manner during memory formation or recall. This
finding of cooperation between the striatum and hippocampus may be useful in further
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clinical studies, in which one memory system is compromised during aging or other
neurodegenerative condition.
Following this experiment, we tested whether increasing CREB in the
hippocampus facilitates long term memory in a similar manner in young and middle aged
rats. We tested this using lentiviral vectors overexpressing wild type CREB in the
following experiment.
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D) Overexpression of CREB in the hippocampus improves spatial memory in young, but
not middle-aged, rats

Studies have shown that the hippocampus is necessary for spatial memory and
that the transcription factor CREB is important in formation of long-term memory.
Overexpression of CREB in the hippocampus improves spatial memory and expression
of a mutant form of CREB in the hippocampus impairs spatial memory (Brightwell et al.,
2005; 2007, Kathirvelu et al., 2013). In contrast, Mouravlev et al. (2006) reported that
somatic gene transfer of CREB in young rats did not alter long-term memory but
prevented later onset of age-related memory impairment. It is not known if introducing
CREB later in life facilitates memory as has been shown in young rats. In the present
study, we used lentiviral-mediated gene transfer to test the hypothesis that overexpression
of CREB in the dorsal hippocampus enhances memory in both young (3-month-old) and
middle-aged (15 to 16-month-old) rats.

Introduction and hypothesis
The ability to learn and remember declines during the course of normal aging as
has been shown in several studies across species (reviewed in Erickson and Barnes,
2003). The hippocampus is the brain region that is most vulnerable to age-associated
changes (Foster, 1999) with memory impairment seen in humans (Uttl and Graf, 1993),
monkeys (Rapp et al., 1997), rats (Gallagher and Rapp, 1997, Brightwell et al., 2004) and
mice (Bach et al., 1999). Previous studies have shown close relationships between
abnormalities in the hippocampal signaling proteins and age-related cognitive impairment
such as dysregulation of kinases (Colombo et al., 1997, 2002; Xu et al., 2010),
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phosphatases (Foster et al., 2001), CREB1 (Brightwell et al., 2004), phosphorylated
CREB (Foster et al., 2001; Hattiangady et al., 2005; Kudo et al., 2005; Monti et al., 2005;
Countryman and Gold, 2007; Porte et al., 2008), CREB expression (Asanuma et al.,
1996), CBP expression (Chung et al., 2002), BDNF (Xu et al., 2010), and histone
acetylation (Zeng et al., 2011). As activation of many signaling molecules causes
phosphorylation of CREB and thus regulation of its downstream targets (Carlezon et al.,
2005), it is possible that any signaling pathway that dysregulates CREB activity in the
hippocampus might play a role in the age-associated cognitive decline.
The nuclear transcription factor CREB, when phosphorylated, binds to the CRE
sequence to regulate gene transcription and synthesis of new proteins that are critical for
long-term memory formation (Gonzalez and Montminy 1989; Impey et al. 2004). Several
reports demonstrate that CREB is necessary for long-term memory across species (Dash
et al. 1990; Kaang et al. 1993; Bourtchuladze et al., 1994). Evidence shows that loss of
CREB function in the hippocampus impairs (Guzowski and McGaugh, 1997; Pittenger et
al., 2002; Brightwell et al., 2005; Florian et al., 2006; Kathirvelu et., 2012), and gain of
CREB function in hippocampus facilitates (Brightwell et al. 2007; Restivo et al. 2009),
long-term memory in several hippocampus-dependent tasks. These findings demonstrate
that CREB is critical for long-term memory formation and memory can be impaired or
enhanced by altering CREB function in the target region. A longitudinal study by
Mouravlev et al. (2006) reported that somatic gene transfer of CREB in young rats did
not alter long-term memory, but prevented onset of age-related memory impairment. It is
not known whether or not overexpressing CREB later in life facilitates memory in aged
rats as reported for young rats (Mouravlev et al. 2006). In the present study, we used
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lentiviral-mediated gene transfer to overexpress stable levels of CREB in the dorsal
hippocampus of young (3-month-old) and middle-aged (15 to 16-month-old) male rats to
test the hypothesis that upregulation of CREB in the dorsal hippocampus enhances
memory for a spatial task in a water maze in both young and middle-aged rats.
Materials and Methods
Subjects
Male, Long-Evans rats were purchased from Charles River (Raleigh, NC) and
tested at three (young group, N=11) or 15-16 months of age (middle-aged group, N=10).
Rats were housed individually in plastic-bottom cages lined with sawdust bedding in a
temperature- and humidity-controlled environment. The room was set on a 12 hour
light/dark cycle with lights on at 0700 h and all experiments taking place during the light
cycle. All rats were given water ad libitum. Rats in the “young” group received food ad
libitum whereas those in the “middle aged” group were provided enough food to meet
their metabolic needs, but without gaining weight, two months before the study in order
to prevent onset of obesity. Experiments were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and approved by the Tulane Animal
Care and Use Committee.
Behavioral Testing
Apparatus
The water maze was a circular pool (diameter 1.83 m × height 0.58 m) surrounded
by a black curtain filled with water tinted with ~250 ml white tempera paint and
maintained at 27oC. A circular, retractable platform of 15cm diameter was located two
cm below the surface of the water when extended and was retracted to the bottom of the
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pool during probe trials. For cue trials a circular platform protruded one cm above the
surface of the water with a strip of solid black tape around the top. During initial training,
various extra maze cues were hung from the curtains.
Spatial Training
Rats were trained to find the location of a fixed platform hidden two cm below the
surface of the water. Each rat received three trials per day for six days with every sixth
trial serving as a probe. Rats were started from one of four locations (N,S,E,W) in
pseudorandom order and allowed to swim until they found the hidden platform or 90
seconds elapsed at which point they were guided to the platform by the experimenter.
Upon reaching the platform, the rats were allowed to remain for 15 seconds before being
removed to a holding cage for a 30s ITI. During probe trials, the hidden platform was
fully retracted for the first 30 seconds after which it was raised to its full height. Once the
platform was raised, the rats were allowed to mount it and remain there for 15 seconds to
avoid extinction.
Cued Training
Following the sixth day of spatial training, rats were trained to swim to a visible
platform protruding one cm above the surface of the water. Each rat was given six trials.
For each trial, rats were pseudorandomly started from one of four locations spaced
equally around the perimeter and the location of the platform was changed among the
four pool quadrants so that the platform was located proximal or distal and left or right to
the rat an equal number of times. Rats were allowed to swim until they mounted the
platform or 90 seconds elapsed at which point they would be manually led to the platform
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by the experimenter. Upon reaching the platform, the rat was allowed to remain for 15
seconds before being returned to a holding cage for a 30s ITI.
Transfer Training
Transfer training took place two weeks after stereotaxic surgery. Transfer training
was identical to initial training, but the water maze was surrounded with a new set of
cues. Originally, the water maze was surrounded by a solid black curtain which had
various three-dimensional hanging cues (foam balls, a striped towel, etc.) attached to it.
Before transfer training began, a set of four shower curtains with different patterns
(stripes, polka dots, a picture of dolphins, and a picture of a frog) provided the rats with a
new set of cues to use for spatial navigation of the maze. Rats were sacrificed 24 hours
after completion of transfer training.
Surgical Procedures
The day after cued training, rats underwent stereotaxic surgery for infusion of
CREB into the dorsal hippocampus. The surgical methods remain the same as described
in Kathirvelu et al., 2012. In brief, immediately before infusion, two µl of 20% mannitol
(Sigma-Aldrich) were mixed with 4 µl of LV-CREB, LV-LacZ, or saline. Six μL of
mixture were infused into each site bilaterally via 27 gauge infusion needles connected to
two 10 μL Hamilton syringes which were controlled by a multiple syringe infusion pump
(Fisher Scientific). The coordinates for infusion were: site 1 AP = -3.1, ML = ± 1.4, DV
= 3.8; site 2 AP = -4.4, ML = ± 3.3, DV = 3.3. Upon completion of surgery, rats were
given a 0.1 ml injection of analgesic buprenorphine (0.006 mg) i.m., placed in a recovery
box under a heat lamp until ambulatory at which point they were returned to their home
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cages in the vivarium, and given two weeks to recover prior to the beginning of transfer
training.
Tissue preparation and western blot analysis
The methods used to dissect the hippocampus and quantify CREB and phosphorylated
CREB protein using western blot were the same as described earlier and as in Kathirvelu
et al., (2013).
Statistical Analyses
All behavioral analyses were performed using repeated measures ANOVA. A
posteriori comparisons were performed using Fisher’s LSD test. One-way ANOVA was
used to determine the effect of treatment on the levels of total CREB and pCREB in the
dorsal hippocampus. Significance levels for all tests were set at p< 0.05. The
experimental design is shown in Figure 3D.1

Figure 3D.1 Graphic illustration of experimental design
RESULTS
Young and middle aged rats showed significant improvement in place and cue
learning
Acquisition during place-learning was examined using repeated-measures
ANOVA comparing the latency and path distance between young and middle-aged rats.
The analysis of latency showed no significant effect of age (F (1, 20) = 0.06, p = 0.804), but
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a significant effect of day (F (5, 100) = 18.47, p < 0.001) as well as an age-by-day
interaction (F (5, 100) = 3.05, p = 0.013) (Fig. 3D. 2A). Similarly, the analysis of path
distance showed no significant effect of age (F (1, 20) = 0.43, p = 0.516), but significant
effect of day (F (5, 100) = 18.35, p < 0.001) and age-by-day interaction (F (5, 100) = 3.87, p =
0.002). Overall, young and middle aged rats did not differ during place-learning. A
significant effect of day demonstrates that both groups acquired the task. The interaction
effects were due to young and middle-aged rats acquiring the task at different rates.

Young and middle-aged rats were able to learn the location of a hidden platform
over time
Spatial bias during place learning was measured from probe trials using a
difference score. The difference score was calculated by the time spent in the target
quadrant minus the time spent in the opposite quadrant. Repeated measures ANOVA
comparing the difference score between groups showed a non-significant effect of age (F
(1, 19)

= 0.32, p = 0.575), but a significant effect of probe (F (2, 38) = 8.03, p = 0.001) and an

age-by-probe interaction (F (2, 38) = 4.33, p = 0.020). Within probe trials, young rats spent
less time in the target quadrant during the first probe trial in comparison to middle-aged
rats (p < 0.05) (Fig.3D. 2B). Both groups significantly increased their spatial bias over
time as demonstrated by a significant probe effect. A significant interaction might be due
to young rats taking more time to spatially orient to the extra maze cues, thereby showing
decreased performance during the initial probe trials in comparison with middle-aged
rats. Overall, both groups performed equally during the last probe trial on day 6 of place
learning.
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Figure 3D.2. Place training. Young (3m) and middle-aged (15-16m) rats acquired both
place learning (A) Young and middle-aged rats showed significant improvement in the
latency during place learning (B) Both groups showed a significant improvement in the
spatial bias revealed during probe trials. Bars indicate mean ± SEM.

Young and middle aged rats showed no signs of sensorimotor deficit
Repeated measures ANOVA comparing the latency between groups during cuetraining showed a significant effect of age (F (1, 20) = 11.05, p = 0.003), trial (F (5, 100) =
3.87, p = 0.002) and an age-by-trial interaction (F (5, 100) = 7.39, p < 0.001) (Fig. 3D. 3).
The significant age effect is due to the differences in the strategy used by both age groups
during the initial trials of cue-training. Young rats spent more time searching in the
quadrant where the hidden platform had been located in the previous training block (p <
0.05) whereas, middle-aged rats immediately switched to cue-learning. A significant trial
effect showed both groups, irrespective of age differences, were able to acquire the task.
A significant age-by-trial interaction is due to young rats taking longer duration during
initial trials of cue-training in comparison to middle-aged rats. Overall, both groups
performed equally at the end of the training and showed no evidence for sensorimotor
deficit.
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Figure 3D.3. Cue training. Young (3m) and middle-aged (15-16m) rats acquired cue
learning. Overall, both groups showed significant improvement in the latency during cuetraining. (p < 0.05). Bars indicate mean ± SEM.

During transfer training, lentivirus overexpression of CREB in the dorsal
hippocampus enhanced spatial memory in young, but not middle-aged, rats
The data for the first probe trial during transfer training was not shown as we
were unable to retrieve video recording data due to technical problems. Difference scores
measured during probe trials two and three were analyzed using repeated measures
ANOVA. Comparison of CREB and control conditions among young rats showed a
significant effect of treatment (F (1, 10) = 14.39, p = 0.003) and no significant effect of
probe (F (1, 10) = 1.50, p = 0.248), or treatment-by-probe interaction (F (1, 10) = 1.82, p =
0.206) (Fig. 3D. 4A). Similar comparison among middle-aged rats showed no significant
effect of treatment (F (1, 7) = 0.17, p = 0.689), probe (F (1, 7) = 0.18, p = 0.681), or
treatment-by-probe interaction (F (1, 7) = 0.09, p = 0.761) (Fig. 3D. 4B). The significant
effect of treatment among young rats was due to CREB treated rats performing better
than controls on the difference score The non-significant treatment effect among middle-
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aged rats demonstrates that overexpression of CREB did not have the same memory
facilitating effect on middle-aged rats that it had on young rats.

Figure 3D.4. Place training following CREB overexpression. CREB in the dorsal
hippocampus facilitated spatial memory in young (A) , but not middle-aged, rats (B). (p <
0.05). Bars indicate mean ± SEM.

During transfer training, CREB treated rats did not differ from control rats in both
age groups during other measures of place and cue learning
In young rats, repeated measures ANOVA comparing latency during place
learning showed no significant effect of treatment (F (1, 10) = 0.04, p = 0.839), day (F (5, 50)
= 2.35, p = 0.054) or treatment-by-day interaction (F (5, 50) =1.21, p = 0.316). Similar
comparisons of path length showed no significant effect of treatment (F (1, 10) = 0.10, p =
0.749), day (F (5, 50) = 1.96, p = 0.100) or treatment-by-day interaction (F (5, 50) =1.08, p =
0.379). During cue training, comparison of latency showed no effect of treatment (F (1, 10)
=1.75, p = 0.214) or trial (F (5, 50) = 1.23, p = 0.309), but a significant treatment-by-trial
interaction (F (5, 50) = 2.57, p= 0.038). The significant interaction is due to CREB-treated
young rats showed difficulty in the initial learning of the cued task in comparison to the
control rats. This might be due to formation of a strong spatial memory trace in CREB-
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treated rats and thereby taking longer duration than control rats to reach the same level of
performance on the cued task. In middle-aged rats, comparison of latency showed no
significant effect of treatment F (1, 7) = 0.80, p = 0.399), day (F (5, 35) = 1.42, p = 0.241) or
treatment-by-day interaction (F (5, 35) = 0.786, p = 0.566). Similar comparison of path
length showed no significant effect of treatment (F (1, 7) = 0.00, p = 0.992), day (F (5, 35) =
1.60, p = 0.183) or treatment-by-day interaction (F (5, 35) = 0.61, p = 0.688). During cue
training, comparison of latency showed no significant effect of treatment (F (1, 7) = 1.24, p
= 0.302), trial (F (5, 35) = 0.85, p = 0.521) nor treatment-by-trial interaction (F (5, 35) = 0.82,
p = 0.538). During transfer training, irrespective of treatment condition all animals were
able to start better than on the training day, as all rats remembered the rules of the task.
There by having little room to show further improvement in the performance in other
measures of learning.

Lentivirus overexpression of CREB in the dorsal hippocampus significantly
increased the levels of CREB
Semi-quantitative western blotting was used to measure the levels of total CREB
from the individual samples. ANOVA comparing the levels of total CREB between
groups demonstrated a significant effect of treatment (F (1, 18) = 35.10, p < 0.001), no
significant effect of age (F (1, 18) = 0.75, p = 0.394), or treatment-by-age interaction (F (1,
18)

= 1.15, p = 0.297) (Fig. 3D. 5). The significant effect of treatment confirmed that

CREB-infused rats, irrespective of age difference, increased the levels of total CREB in
comparison with controls. Young and middle-aged rats did not differ in the levels of total
CREB as shown by non-significant age effect.
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Figure 3D. 5. CREB infused rats showed a significant increase in the levels of total
CREB. Bars indicate mean ± SEM. (p < 0.05).

Lentivirus overexpression of CREB in the dorsal hippocampus significantly
increased levels of pCREB in young, but not in middle-aged rats
Semi-quantitative western blotting measuring levels of pCREB demonstrated a
main effect of age (F(1,18) = 11.67, p < 0.01), no effect of treatment (F(1,18) = 3.98, p =
0.061), and no treatment-by-age interaction (F(1,18) = 4.32, p = 0.052) (Fig. 3D. 6).
Young, LV-CREB-infused rats had significantly higher levels of pCREB in comparison
to both young controls (p < 0.01) and middle-aged, LV-CREB-infused (p < 0.001). In
contrast, middle-aged, LV-CREB-infused rats had similar levels of pCREB in
comparison with their controls (p = 0.95). The young and middle-aged CREB-treated rats
though showed equivalent levels of CREB but demonstrated lower levels of pCREB in
the middle-aged rats in comparison to young rats. This finding where there is a deficit in
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the activation of the CREB in middle-aged rats suggests that this difference in pCREB
levels between young and aged rats is most likely due to differences or deficits in the
protein kinases upstream of CREB in the middle-aged rats.
This inference is based on our data which showed no difference in the levels of CREB
among young- and middle aged CREB-treated but showing lower levels of
phosphorylated CREB only in middle-aged

Figure 3D. 6. Young, but not the middle-aged, CREB infused rats showed a significant
increase in the levels of pCREB

Discussion and conclusion
The main finding in this study is that increasing hippocampal CREB levels in
young and middle-aged rats improved spatial memory in young, but not in middle-aged,
rats. This finding demonstrated that increasing CREB in later life did not have the same
facilitatory effect on memory as seen increasing CREB in earlier life. This finding along
with levels of CREB and pCREB demonstrates that increasing CREB levels in the dorsal
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hippocampus in young and middle-aged rats can have a different effects on memory
based on the levels of pCREB.
The finding that elevated hippocampal CREB improved spatial memory in young
rats is consistent with other reports where overexpression of CREB in the hippocampus
facilitated memory for place (Brightwell et al., 2007), spatial (Sekeres et al., 2010) and
contextual fear conditioning (Restivo et al., 2009) tasks. Specifically, increasing CREB
levels in the hippocampus of young rats improved spatial bias for the platform location
during the probe trial in the new environmental arena during the transfer task. CREBtreated and control rats did not differ in the acquisition during the transfer training and
performed similarly during the course of training. Overall, the present results show that
CREB improved the memory for spatial location in young rats by showing increased
spatial bias for the platform location.
The current finding is in contrast with the Mouravlev et al., 2006 report that
somatic gene transfer of CREB in young rats did not alter long-term memory. In that
study, the control rats in the young group improved in the measure of latency very
quickly over the course of days during the maze training when compared to the control
rats in the aged group, tested for the first time. This indicates that the rats in the young
group had less parametric space to show improvement in the task performance in
comparison to aged rats. This suggests that use of a more difficult task may have given
room to show enhancement in young rats. In our current study, we used probe trial data to
calculate the difference score which accurately reflected the learned platform location
and left room to demonstrate both enhancement and impairment.
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A previous report from our laboratory showed that CREB levels are lower in aged
rats with poor spatial memory in comparison with young rats (Brightwell et al., 2004)
which suggests lower CREB might be one possibility for memory impairment in aged
rats. Other evidence also suggests that lower CREB alone is not the only reason for the
cognitive impairment seen in the aged animals. Several reports have suggested that
dysregulation of kinases including PKC, ERK, CaMKII (Colombo et al., 1997, 2002; Xu
et al., 2010), phosphatases (Foster et al., 2001), phosphorylated CREB (Foster et al.,
2001; Hattiangady et al., 2005; Kudo et al., 2005; Monti et al., 2005; Countryman and
Gold, 2007; Porte et al., 2008), CREB expression (Asanuma et al., 1996), CBP
expression (Chung et al., 2002), neurotrophic factor (Xu et al., 2010), and histone
acetylation (Zeng et al., 2011) are also linked with age-related cognitive impairment.
Taken together, although there are several signaling molecules linked to the age-related
cognitive decline, the molecular mechanism for age-related cognitive impairment might
be even more complicated with several signaling molecules involved simultaneously. As
CREB is the convergent point for most of the signaling molecules, we also measured
differences in pCREB levels and found no difference between the young and middle-aged
control group. However, young, CREB-treated rats had significantly higher levels of
pCREB in comparison with both young controls and middle-age, LV-CREB-treated rats.
These data demonstrate that even though we were capable of increasing levels of CREB
protein in both young and middle-aged rats to comparable amounts, only the young rats
were able to make use of this increased CREB by way of subsequent increases in
activated CREB. This finding suggests that by middle-age there are already significant
deficits in upstream regulators of CREB that may be responsible for age-related cognitive
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decline. Future studies involving the upstream and downstream target of CREB will be
necessary to resolve the complexities behind age-related cognitive decline.
In this study, we used lentiviral vector as it generates efficient transduction
preferentially into neurons, chronic stable transgene expression, negligible
immunogenicity with maintenance of normal cellular function in vitro and in vivo, and
are useful in animal studies that model human diseases (Wong et al., 2006). Transfer
training was conducted two weeks following infusion, when the viral vectors have
reached a stable level of transgene expression. Western blotting done 3 weeks following
infusion confirmed a significant increase in the levels of total CREB in the dorsal
hippocampus of rats in the CREB-infused group, irrespective of age, in comparison with
their respective controls. The increase in the levels of total CREB in the CREB-infused
group is most likely due to overexpressed CREB adding to the endogenous pool. The
antibody available at this time is unable to distinguish the CREB that is overexpressed
due to viral vector from the endogenous CREB. Previous unpublished reports from our
laboratory with the same lentiviral LacZ vector infusion showed the expression of the
control protein beta-galactosidase in the dorsal hippocampus, with increase in the levels
of the total CREB protein similar to seen in control rats in the current study. The results
are consistent with an earlier report using mice in which lentivirus transfection was
restricted to neurons primarily with few glial cells (Kuroda et al., 2008). The
immunostaining was seen in the dorsal hippocampus with entire cornu ammonis and cell
layers of the dentate gyrus as shown in Kathirvelu et al., (2013). Taken together, the
evidence of LacZ staining in all the cell layers of the dorsal hippocampus from our
unpublished data and significant increase in the total CREB protein in the current
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experiment indicate that improved spatial memory seen in young rats is due to the
overexpressed CREB protein in the dorsal hippocampus with middle-aged rats showing
no spatial enhancement.
Overall, we have addressed the question whether increasing CREB levels in the
hippocampus of middle-aged rats can enhance spatial memory. Our results demonstrate
that increasing CREB levels in the dorsal hippocampus of middle-aged rats for short
duration in later life did not facilitate spatial memory. This suggests that the interventions
that target memory enhancement cannot be considered in a similar manner in both age
groups and might be possibly using different mechanisms based on the availability of
signaling molecules available at different age groups. Further investigations are necessary
to see how the signaling cascades differ as aging progresses. The other finding showed
that though CREB was equivalent in both young and middle-aged groups the pCREB
levels were reduced in middle-aged in comparison with young rats. This finding suggests
that molecular mechanism might be different in both age groups with differences in the
upstream and downstream target for the nuclear transcription factor CREB. It is possible
if the primary upstream signaling kinases such as CaMK2, ERK and PKA did not show
any deficit then downstream targets such as BDNF might show evidence for differences
in signaling cascades. Our future studies will attempt to investigate both upstream and
downstream signaling molecules to CREB to know the differences in the molecular
machinery during normal aging.
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General Conclusions
The overall findings from all these experiments demonstrate CREB as a critical
neuronal marker that can be measured and manipulated consistently by behavioral and
somatic interventions, respectively. The behavioral manipulation experiment which tested
the effects of reinforced training on CREB phosphorylation showed evidence for
bidirectional competition between the hippocampus and the striatum during memory
formation. The somatic manipulation experiment used a new method for chronic
expression of CREB using lentiviral vectors. The results show evidence that lentiviral
manipulations are well suited for chronic, stable expression of CREB and are well-suited
to investigate multiple behavioral tests following a single manipulation. The experiment
which used mutant CREB in the dorsal hippocampus showed evidence for memory
impairment across two different hippocampus-dependent tasks—place training and
contextual fear conditioning—measured over a 3 week period. This finding is consistent
with other reports where blocking CREB function in the hippocampus impairs long term
memory for tasks that are dependent on the hippocampus. Also, the current findings
demonstrate that chronic expression of lentiviral mCREB produce similar effects on
memory to those reported after short-term expression of mCREB using HSV vectors. To
our knowledge, this is the first report to demonstrate the effects on memory produced by
lentiviral CREB manipulation. This finding will facilitate learning and memory research
involving chronic manipulations using lentivirus vectors. The somatic manipulation
experiment that overexpressed wild type CREB in the dorsolateral striatum enhanced
striatum-dependent cue learning. In addition, when the same animals were tested on
hippocampus dependent task, they showed evidence for competitive interaction when
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tested on a place task and similarly, showed evidence for cooperative interaction when
tested on a contextual fear conditioning. These findings together demonstrate that
increasing levels of CREB in the dorsolateral striatum can interact with the hippocampus
in both cooperative and competitive manner most probably based on task demands. The
last somatic intervention experiment that overexpressed wild type CREB in the dorsal
hippocampus tested whether increasing CREB levels in the hippocampus enhances
memory for a spatial task in both young and middle-aged rats in a similar manner and
whether it had any effect on a striatum-dependent cued task. CREB manipulation in the
dorsal hippocampus enhanced spatial memory only in young, but not in middle-aged rats.
This study demonstrates that supplementing CREB in early and late stages of life in rats
might have different role functionally. This effect might be due to differences in the
signaling kinases that activate the transcription factor CREB. Further research is needed
to investigate the signaling cascades that affect CREB in both age groups.
The hippocampus and striatum, though showed evidence for interactions, the conditions
that determine when interaction occurs and when it remains independent are still
unknown. Also, it is not known when interaction becomes cooperative or competitive.
Further research that systematically investigate the memory systems both behaviorally
and by changes related to plasticity might help to understand how systems function
during normal information processing. The use of lentiviral CREB or other signaling
kinases to chronically manipulate a target region will be much useful as an investigative
tool to study multiple memory hypothesis and in future interventional studies.
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