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The phenomenal ability to learn and memorize complex tasks is at the core of our 

humanity and it constitutes the basis for the development of human beings as 

individuals with unique personal experiences throughout the lifespan. Brain diseases 

affecting these abilities rank amongst the most devastating human disorders. 

Neuroplastic processes such as experience-dependent changes in synaptic connections, 

i.e. synaptic plasticity, are thought to underlie the different forms of learning and 

memory. One such complex learning task is visual-spatial learning in which adaptive 

connections between visual environmental stimuli and motor actions, i.e. spatial 

navigation strategies, are established to enable goal-directed behavior. Although this 

research topic has received great attention in the past decades, combined behavioral, 

systems and molecular neuroscience approaches are very rare. To this end an 

interdisciplinary initiative was undertaken at KU Leuven examining these aspects in 

relation to Morris water maze (MWM) learning, a robust visually-guided spatial 

navigation test in rodents. Also, in parallel an analogous virtual water maze for 

humans was developed that enabled us to screen for cross-species similarities and 

differences in brain region involvement. While human results obviously have high 

validity for understanding functions of the human brain, rodent studies allowed more 

extensive experimental manipulations and measurements. 

Embedded in this larger study, the main focus of the present dissertation consisted of 

unraveling neuronal plasticity processes at the molecular and systems level 

substantiating MWM visual-spatial learning in the intact mouse brain. Performance of 

mice in the MWM has been illustrated repeatedly and consistently to proceed from an 

active early learning phase, characterized by rapid and large performance gains, 
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towards an asymptotic late learning phase in which further improvements are small 

and the task becomes increasingly automated, eventually resulting in the seemingly 

effortless execution of the visual-spatial skill. Hippocampus, dorsal striatum and 

prefrontal cortex are three large brain areas that are involved in these learning 

processes, but their specific roles in visual-spatial learning especially with respect to 

these two learning phases were still imprecisely defined at the start of this 

investigation. A first explanation for the ambiguous findings concerning the 

involvement of the three brain areas during learning resides in the fact that most 

functional dissociations between these brain structures were determined in studies 

where one of the memory systems was lesioned or inactivated. Since compensation 

mechanisms by one of the intact brain areas can not be controlled for, extrapolation 

and generalization of these results to normal brain functions is limited. For this 

particular reason, we determined the involvement of the aforementioned areas during 

early and late learning in the intact mouse brain by visualizing the expression patterns 

of different molecular activity and plasticity markers, so called immediate early genes 

(IEG). A second explanation exists in the fact that these brain areas were shown to 

consist of functionally heterogenous subregions and as such treating one brain 

structure as a functional entity may not provide accurate learning-related findings. 

Therefore, whenever technically feasible we pursued subregion-specific analyses of 

participating brain structures in a given learning phase. 

In chapter 1 we give a general introduction on the two major learning and memory 

systems that can be distinguished based on the type of information they process, i.e. 

the declarative or explicit and the non-declarative or implicit learning and memory 

system. Furthermore, we describe the molecular and cellular mechanisms 

substantiating activity-dependent synaptic plasticity (long-term potentiation LTP and 

long-term depression LTD), a process crucial for the encoding and consolidation of 

memories. In this chapter we also discuss the anatomical structure, information 

transduction pathways, and the memory processing functions of the hippocampal, 

striatal and prefrontal system; the latter two conjoint in the cortico-striatal system. 
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The different experimental training conditions, anatomo-functional subregions, and 

levels of inquiry we used throughout this dissertation are accurately described in 

chapter 2 (materials and methods). 

In chapter 3 we present immediate early gene expression patterns gathered from in 

situ hybridization experiments for the molecular activity marker zif268 and the 

molecular plasticity marker Homer1a. These expression patterns allowed us to 

determine subregion-specific (cornu Ammonis 1 CA1 and cornu Ammonis 3 CA3) 

changes in hippocampal activity and plasticity levels associated with early and late 

learning. In addition, the Acute Slice Biotinylation Assay enabled us to determine 

learning phase-related modifications in the number of AMPA and NMDA receptors 

inserted into hippocampal cell plasma membrane as well as in the subunit composition 

of the NMDA receptors, i.e. the NR2A - NR2B ratio.  

In chapter 4 we present immediate early gene expression patterns gathered from in 

situ hybridization experiments for the molecular activity marker zif268 and the 

molecular plasticity marker arc. These expression patterns allowed the determination 

of subregion-specific (dorsomedial striatum DMS, superior dorsomedial striatum 

sDMS and dorsolateral striatum DLS) changes in dorsostriatal activity and plasticity 

levels associated with early and late learning. Also, zif268 activity levels were 

determined for several subregions of the prefrontal cortex (aCC, PL and IL), since 

interactions between these cortical areas were largely unexplored. The main objective 

of this chapter is the combined interpretation of the functional contributions of each of 

the three targeted brain areas and their subdivisions. At the systems level, we aim to 

answer questions like “Which subregions support early learning?”; “Are the same 

subregions coordinating the late learning phase or is there a shift to other 

subregions?”; “Within each learning phase: what is the conjoint and individual 

contribution of the activated subregions?”; “How do they interact, compete, 

collaborate?”. We will contrast our findings to the widely held view of the multiple 

parallel memory systems. 

Finally, in chapter 5 we provide a general conclusion on the differential contributions 

of the hippocampal, striatal and prefrontal cortical subregions to early and late learning 
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and their interactions. We also discuss some general thoughts such as “What type of 

navigation strategy actually reflects goal-directed and habitual performance?”; “Are 

free-swimming controls a suitable control condition?”. Furthermore, we will highlight 

some future perspectives and relate our findings to parallel research done by other 

members of the consortium. 
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Chapter 1 

 

 

Learning and memory 
 

 

 

Learning and memory are two fundamental higher brain functions, essential for the 

normal development and continuous environmentally-induced adaptations of neural 

circuits, giving rise to a unique and well-functioning individual. If learning can be 

defined as a process during which a vast amount of sensory information is captured 

from the environment, memory is the mechanism enabling the subsequent encoding, 

consolidation, storage and retrieval of this gathered knowledge (Bear et al., 2006; 

Sunyer et al., 2008). During the phase of memory encoding, the input from all sensory 

systems is assembled and converted into a labile short-term memory. This integrated 

representation can either be forgotten or become consolidated into a permanently 

stored long-term memory accessible for retrieval (Benfenati, 2007).  

 

1. Different learning and memory systems dependent on the type of processed 

information 

Depending on the type of information processed, two major learning and memory 

systems can be distinguished. Declarative or explicit memory refers to the knowledge 

of general facts (semantic memory) and personal experiences/events (episodic/ 

autobiographic memory). All explicit memories can be expressed in declarative 

statements, such as “Brussels is the capital of Belgium” (semantic knowledge) or “last 

spring I learned to ride my bike” (episodic knowledge) (Kandel and Pittenger, 1999). 

Implicit or non-declarative memory concerns information about how to perform 
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learned behaviors, for instance how to ride a bike (procedural memory), classical 

Pavlovian conditioning (associative learning), habituation and sensitization (non-

associative learning), etc. 

 

 

 

Figure 1.1 Schematic overview of the declarative and non-declarative mammalian memory systems. 

Memory is not a single entity, but is composed of two main learning/memory systems: the 

declarative/explicit and the non-declarative/implicit memory system. Declarative memories, either 

semantic or episodic, are processed in the hippocampus. Implicitly acquired learning paradigms are 

integrated by a variety of brain structures, e.g. procedural memory for skills and habits requires the 

striatum and cerebellum (Zola-Morgan and Squire, 1993; Squire, 2004; Benfenati 2007).  

 

Both memory systems differ regarding the nature of their acquisition, consolidation 

and recall. Declarative memories are easily and rapidly formed but quickly forgotten 

and they have to be recalled consciously. Declarative memories are flexible, indicating 
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they can be readily applied to new situations. In contrast, implicit learning requires a 

lot of repetition and practice for the proper acquirement and further refinement of 

actions, but once mastered robust memories are formed which don’t fade out easily 

with time. The retrieval of such memorized skills and habits occurs automatically 

without the need for conscious recall. Implicit memories are rather inflexible and tend 

to be bound to a specific learning situation (Squire and Knowlton, 1995; Bear et al., 

2006; Benfenati, 2007). Remarkably, each of these different learning and memory 

systems relies on distinct brain structures. Converging evidence from animal (Packard 

et al., 1989; Zola-Morgan and Squire, 1993; Devan and White, 1999) and human 

(Gabrieli et al., 1995; Keane et al., 1995) studies indicates a pivotal role for the 

hippocampus and related structures in the acquisition and expression of explicit 

memory, whereas the striatum supports the learning and performance of learned 

behaviors, a type of implicit memory (Figure 1.1) (Zola-Morgan and Squire, 1993; 

White and McDonald, 2002; Poldrack and Packard, 2003; Squire, 2004; Benfenati, 

2007). 

 

2. Learning and memory at cellular level 

2.1. Activity-dependent synaptic plasticity 

More than a century ago, synaptic plasticity - the ability of synapses to alter their 

strength - was put forward as a plausible model for information processing and storage 

in the brain, as memories were thought to be encoded as modifications in synaptic 

strength (Ramon y Cajal, 1894). In 1973, Bliss and Lømo provided the first evidence 

for this mechanism in the hippocampus of anaesthetized rabbits. The administration of 

repetitive brief pulses of high frequency electrical stimulation to the afferent axon of a 

presynaptic neuron induced long-lasting enhancement in the response of the 

postsynaptic neuron, indicating the strengthening of synaptic transmission across the 

excitatory synapse, known as long-term potentiation (LTP). This increased efficiency 

of signal transmission implies that subsequent stimulation of the potentiated 

preexisting synapse will elicit stronger postsynaptic activation. Long-term depression 
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(LTD), as opposed to LTP, is the weakening of synaptic transmission between 

simultaneously activated neurons. Importantly, a synapse undergoing LTP must 

comply with the Hebb coincidence-detection rule: the synapse between a presynaptic 

and postsynaptic neuron can only be strengthened if both cells are active at the same 

time. Hence, neurons that fire together wire together (Hebb, 1949). This rule was later 

modified by specifying that synaptic changes are determined by the degree of 

postsynaptic depolarization paired with presynaptic activity: strong depolarization 

leads to potentiation and weak depolarization leads to depression (Tsien, 2000). 

The mammalian brain is subjected to different types of synaptic plasticity: N-methyl-

D-aspartate receptor (NMDAR)-dependent LTP and LTD, presynaptic LTP, 

metabotropic glutamate receptor-dependent LTD, etc. (Kauer and Malenka, 2007). 

However, information processing is not only manifested as synaptic plasticity, the 

experience-mediated adjustment of neuronal intrinsic excitability is an additional form 

of activity-induced neuronal plasticity (Xu et al., 2005; Hammond et al., 2006; Voglis 

and Tavernarakis, 2006). 

2.2. The molecular and cellular mechanisms substantiating synaptic plasticity and 

memory consolidation  

In this paragraph we will focus on NMDAR-dependent synaptic LTP and LTD at the 

Schaffer collateral - CA1 synapses as a molecular basis for memory traces in the brain. 

These are the most extensively studied and therefore prototypic forms of synaptic 

plasticity in the hippocampus, a brain structure previously mentioned to be crucial for 

explicit learning and memory. Even though implicit learning involves different brain 

areas and structures, the molecular and cellular mechanisms discussed below are quite 

similar (Bear, 2006; Benfenati, 2007; Di Filippo et al., 2009). Although for decades 

these mechanisms have been a field of extensive neuroscientific research and 

remarkable progress has been made, they are not yet completely unraveled. Since these 

processes are very complex and detailed, we will limit the description to the key 

transduction pathways engaged in the adaptation of synaptic strength. 
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NMDAR-dependent LTP and LTD are predominantly achieved by the respective 

improvement and restriction of the postsynaptic neuron’s sensitivity to signals 

received from the presynaptic neuron upon stimulation/activity. In the case of 

chemical excitatory synapses the signal transmission is conducted by the 

neurotransmitter glutamate.  

2.2.1. NMDAR-dependent LTP 

The process of LTP is commonly divided into an early and late phase. Modifying 

existing synapses in the early phase of LTP elicits functional changes in synaptic 

transmission, while the late phase requires gene transcription and the formation of new 

proteins to accomplish long-lasting morphological remodeling (Elgersma and Silva, 

1999; Tischmeyer and Grimm, 1999; Abel and Lattal, 2001). 

 Early LTP 

Due to a certain experience or by experimentally applied high-frequency electrical 

stimulation (HFS), the associated neural activity (action potential) induces an 

increased intracellular concentration of calcium (Ca
2+

) ions in specific presynaptic 

neurons, which in turn stimulates the exocytosis of presynaptic vesicles filled with 

glutamate neurotransmitter molecules. After glutamate is released into the synaptic 

cleft, these molecules can bind to two subtypes of glutamate receptors present on the 

membrane of a postsynaptic neuron, namely the AMPA (α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid)- and the NMDA- receptor. The binding of 

glutamate to the AMPAR creates a Na
+
-influx (Figure 1.2 left) and consequently a 

short-lived depolarization of the postsynaptic membrane, called the excitatory 

postsynaptic potential (EPSP) (Abel and Lattal, 2001; Bear et al., 2006). In terms of 

LTP, sufficient progressive depolarization through repeated stimulation and the 

summation of the corresponding EPSPs, relieves the Mg
2+

-blockage occluding the 

Ca
2+

-channel of glutamate-associated NMDARs at resting membrane potential 

(Ascher and Nowak, 1988) and thus renders them permeable to Ca
2+

 (Figure 1.2 

middle). Since NMDAR-activation requires both the binding of presynaptically 

released glutamate and AMPAR-mediated membrane depolarization, these receptors 
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are often referred to as coincidence detectors (Akhondzadeh, 1999; Nakazawa et al., 

2004; Citri and Malenka, 2008).  

 

 

                                                                                                   

                                          

Figure 1.2 Simplified diagrams of the induction and expression of NMDAR-dependent LTP in the 

rodent brain. Left | Synaptic transmission at resting potential. Middle | The voltage-dependent 

removal of the magnesium block of the NMDAR channel allows the synapse to detect coincident 

presynaptic release of glutamate and postsynaptic depolarization through AMPAR-mediated Na
+
-

influx, resulting in the influx of Ca
2+

. Right | Upon Ca
2+

-influx, downstream kinases like CaMKII 

become activated and subsequently phosphorylate preexisting AMPARs to increase their single-

channel conductance (1) and promote the insertion of new nonsynaptic AMPARs into the postsynaptic 

plasma membrane (2). Below | Due to LTP a long-lasting increase in EPSP size is achieved (2) 

compared to resting membrane potential (1) (Bear and Malenka, 1994; Collingridge et al., 2004; 

Kauer and malenka, 2007; Citri and Malenka, 2008).     
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The rise in postsynaptic Ca
2+

 secondary messenger molecules triggers several 

intracellular signaling cascades (Shapiro, 2001; Guzowski, 2002), including the 

activation of protein kinases like calcium/calmodulin-dependent protein kinase II 

(CaMKII) - a kinase consisting of 12 nearly identical subunits - and protein kinase C 

(PKC). Protein kinase A (PKA) and mitogen-activated protein kinase (MAPK) are also 

activated, but to a lesser extent. The existing AMPARs are part of the downstream 

targets and therefore become phosphorylated (Figure 1.2 right). As a consequence, 

their single-channel conductance and thus efficiency is increased (Benke et al., 1998; 

Malenka and Bear, 2004). Furthermore, these kinases and their substrates enable the 

trafficking of nonsynaptic AMPARs into the postsynaptic plasma membrane in a 

protein synthesis-independent manner (Figure 1.2 right) (Hayashi et al., 2000; Esteban 

et al., 2003). If the Ca
2+

-influx is of such magnitude that adjacent CaMKII-subunits 

can bind to Ca
2+

/calmodulin, these subunits can phosphorylate each other and the 

CaMKII-enzyme enters an autophosphorylation state of persistent activity (Lisman 

and McIntyre, 2001) promoting transmission effectiveness.                                                         

 Late LTP 

However, the persistent activity of synaptic kinases is probably not sufficient to 

maintain LTP in the long term (Chen et al., 2001). Evidence supports the theory that  

later phases of LTP require new gene transcription and protein synthesis (Nguyen et 

al., 1994; Citri and Malenka, 2008) to consolidate changes in transmission at 

potentiated synapses over time. A well-known pathway that mediates the transition 

from early to later phases of LTP couples the increase in postsynaptic Ca
2+

 with the 

activation of modulatory receptors linked to adenylyl cyclase, such as dopamine 

D1/D5 receptors (Frey et al., 1990; Benfenati, 2007). That way, adenylyl cyclase 

becomes activated and postsynaptic cAMP (cyclic adenosine monophosphate) is 

produced (Abel and Lattal, 2001). Next, cAMP activates PKA and MAPK, which are 

translocated into the nucleus and respectively activate the transcriptional activator 

CREB1a (cAMP response element-binding protein 1a) and inhibit the transcriptional 

repressor CREB2 by phosphorylation (Benfenati, 2007). The CREB family of key 

transcription regulators orchestrates the CRE-mediated gene transcription and protein 
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synthesis indispensable for long-lasting structural changes that lock-in the changes in 

synaptic weight (Nguyen et al., 1994; Malenka and Bear, 2004). Amongst the resulting 

morphological changes are the growth of new dendritic spiny protrusions, the 

enlargement of preexisting spines and their associated postsynaptic densities (PSDs) 

and the splitting of existing single PSDs and spines into two functional synapses, all in 

order to form extra synapses with the activated presynaptic axon terminal (Toni et al., 

1999; Yuste and Bonhoeffer, 2001; Malenka and Bear, 2004; Abraham and Williams, 

2003). The new synapses have to be populated with neurotransmitter receptors, 

scaffolding and cytoskeletal proteins, etc. (Benfenati, 2007). It is also noteworthy that 

in addition to the postsynaptic changes mentioned above, there is considerable 

evidence that presynaptic glutamate release may also be upregulated during LTP 

(Dolphin et al., 1982; Kauer and Malenka, 2007). 

 LTP properties 

LTP is characterized by four basic properties: cooperativity, associativity, input-

specificity and persistence (Nicoll et al., 1988; Bliss and Collingridge, 1993; Martin et 

al., 2000; Malenka, 2003; Lynch, 2004; Citri and Malenka, 2008). To achieve the 

degree of depolarization necessary to induce LTP a crucial number of presynaptic 

fibres must 'cooperate'. Synapses must either be stimulated at frequencies high enough 

to cause sufficient temporal summation of the EPSPs and/or enough synapses must be 

simultaneously activated by weak stimuli to cause an adequate spatial summation of 

the EPSPs. The principle of spatial EPSP summation and its contribution to reach the 

requisite postsynaptic depolarization threshold for Ca
2+

-influx through NMDARs and 

thus LTP induction, is known as cooperativity (Figure 1.3). 
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Figure 1.3 Summation of postsynaptic potentials. A single EPSP is usually not sufficient to elicit an 

action potential. However, due to the temporal summation of two or more EPSPs produced in rapid 

succession (e.g. by axon terminal A) or the spatial summation of nearly simultaneously produced 

EPSPs by different synapses (e.g. by axon terminals A and B) on the same postsynaptic neuron, the 

depolarization threshold is reached and consequently an action potential (AP) is triggered. Since 

EPSP summation affects the degree of postsynaptic depolarization, it automatically influences LTP 

and the frequency of the evoked APs upon future stimulation. Noteworthy, summation also applies to 

IPSPs (inhibitory postsynaptic potentials), the hyperpolarizing effect of an inhibitory input (e.g. by 

axon terminal C) on the postsynaptic cell (Nicoll et al., 1988; Bliss and Collingridge, 1993; Martin et 

al., 2000; Malenka, 2003; Lynch, 2004; Citri and Malenka, 2008).  

 

Associativity refers to the observation that a set of weakly sub-threshold stimulated 

synapses can become potentiated when their activation is temporally concurrent with a 

convergent LTP-inducing stimulus at another set of strongly stimulated synapses on 

the same postsynaptic cell (Figure 1.4). As such, associativity is an implicit property of 

the Hebb hypothesis (see chapter 1, §2.1.) stating that each individual synapse grows 

stronger when it successfully participates in the firing of the postsynaptic neuron. 

Another NMDAR-related property of LTP states that LTP is input-specific (Figure 

1.4). Potentiation can only be elicited at stimulated synapses and not at adjacent 

inactive synapses on the same postsynaptic neuron, as synaptic NMDA receptors must 

be activated in order to elicit LTP.  
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Figure 1.4 Basic properties of long-term potentiation. Left |  The term associativity refers to the fact 

that weakly stimulated synapses on a postsynaptic neuron undergo LTP if they are simultaneously 

active with strongly stimulated synapses on that particular postsynaptic neuron. Right | Since a 

spatially restricted increase in intracellular Ca
2+

 is not present in inactive synapses, LTP is not 

propagated to these synapses, a property known as input-specificity (Malenka, 2003). 

 

Finally, LTP is characterized by its temporal persistence, ranging from milliseconds to 

minutes, days, hours and presumably even permanent. Based on these features, the 

synapse-specific LTP mechanism endows greater memory storage capacity than would 

for instance changes at the level of cell excitability. 

2.2.2. NMDAR-dependent LTD  

Like its LTP counterpart, LTD is induced at the synapses of afferent Schaffer 

collaterals with CA1 pyramidal neurons by NMDAR-mediated Ca
2+

-influx in the 

postsynaptic cell. However, the timing and frequency of the electrical stimulation 

pattern determine whether synaptic potentiation or depotentiation will set in, since they 

control the level of NMDAR activation (Figure 1.5).  
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Figure 1.5 A model for the induction of LTP and LTD by Ca
2+

 in the hippocampus. High frequency 

stimulation (HFS) causes a high Ca
2+

-influx into the postsynaptic neuron. As a consequence protein 

kinases are activated which phosphorylate synaptic proteins, and ultimately LTP is established.  Low 

frequency stimulation (LFS) causes a modest postsynaptic Ca
2+

-influx resulting in the activation of 

phosphatases. Subsequent dephosphorylation of synaptic proteins promotes LTD (Bear and Malenka, 

1994). 

 

As described above, brief pulses of HFS cause a strong postsynaptic depolarization. 

Consequently the Mg
2+

-blockage is entirely displaced, generating an abundant Ca
2+

-

influx through the activated NMDARs and the subsequent activation of kinases. On 

the contrary, repeated low frequency stimulation (LFS) results in weak postsynaptic 

membrane depolarization and accordingly the Mg
2+

-blockage is only partially 

dissociated from the NMDARs, causing a modest and slow rise in postsynaptic 

intracellular Ca
2+

. This type of Ca
2+

-influx activates protein phosphatases, such as 

calcineurin, which dephosphorylate several targets in the downstream signaling 

pathways including the existing AMPARs, causing a decrease in their open channel 

probability (Benke et al., 2000; Malenka and Bear, 2004). Furthermore, they trigger 

the internalization/endocytosis of synaptic AMPARs into the postsynaptic cell (Carroll 

et al., 1999; Malenka and Bear, 2004). In contrast to LTP, the postsynaptic sensitivity 

of CA1 neurons for glutamate released by the presynaptic Schaffer collateral terminal 

is reduced in case of LTD. Comparable to LTP, LTD also has a late phase that is 

protein synthesis dependent (Linden, 1996; Kauderer and Kandel, 2000; Manahan-

Vaughan et al., 2000; Sajikumar and Frey, 2003). 
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3. Learning-related brain structures/systems involved in the Morris water maze 

task 

In the first paragraph (see chapter 1, §1.) we discussed the presence of distinct learning 

and memory systems capable of acquiring different types of information, i.e. 

declarative versus non-declarative (Squire and Zola-Morgan, 1991; Benfenati, 2007). 

The first implication for the existence of multiple memory systems came from Scoville 

and Milner’s (1957) discovery that patients with large temporal lobe lesions have a 

selective memory deficit for certain types of new information (McDonald and White, 

1993). Successive research based on the use of single and double dissociation 

methodology (the effects of lesions to several brain areas on the performance of a 

number of memory tasks are tested) in rodents (Packard et al., 1989; McDonald and 

White, 1993; Packard and McGaugh, 1996), monkeys (Zola-Morgan et al., 1982), and 

humans (Gabrieli, 1995) has provided numerous results in support of the multiple 

parallel memory systems (MPMS) theory. According to this MPMS hypothesis, the 

incoming information during a learning process, regardless of its nature, flows 

independently and simultaneously through all the memory systems (White and 

McDonald, 2002; Poldrack and Packard, 2003). Each of these systems is composed of 

a central brain structure and its afferent and efferent projections from interconnected 

neural structures (White and McDonald, 2002). Since the architectural organization is 

brain structure-specific and the processing style is inherent to the anatomical 

composition, every memory system is characterized by a specific type of operating 

strategy (fixed processing style) (Gabrieli, 1995; White and McDonald, 2002). As a 

result, the independent coexisting memory systems each represent a different kind of 

relationship among the situational elements (stimuli, responses, reinforcers) of the 

available information in a learning situation and these different coherent 

representations of the input stimuli reflect the capability of the brain to process 

different aspects of the learning situation at the same time. To date, the theory consists 

of three prominent processing systems focused around the hippocampus, the dorsal 

striatum and the amygdala as central brain structures (McDonald and White, 1993; 

Packard and Cahill, 2001; White and McDonald, 2002) (Figure 1.6).  
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Figure 1.6 The multiple parallel memory systems (MPMS) theory. The mammalian brain consists of 

at least three parallel memory systems that simultaneously and independently from each other process 

the same incoming information: the hippocampus, amygdala and dorsal striatum system. However, 

each system has a particular processing style that emphasizes a different relationship among the 

elements present in the learning situation. Although the incoming information is independently 

processed by the various memory systems, some degree of interaction takes place with a synergistic or 

competitive effect on behavior. The system with the processing style that fits best with the significant 

relationship among the elements exerts a stronger influence on the final behavioral output (McDonald 

and White, 1993; White and McDonald, 2002; Poldrack and Packard, 2003). 

 

Although information is processed independently and in parallel by these systems, 

they can interact with one another in at least two ways: indirect, by concomitant 

influence on the behavioral output or direct, by anatomical interaction with each other. 

These interactions can be either cooperative - contributing to similar behavioral 

tendencies - or competitive - leading to different behavioral tendencies. Nevertheless, 

depending on the level of correspondence between the innate processing specialization 

of a certain system and the actual type of relationship among the elements of the 

learning situation, a particular system will exert a higher degree of influence on the 

eventual behavior (McDonald and White, 1993; White and McDonald, 2002; Poldrack 

and Packard, 2003). In line with the MPMS theory, learning and memory can be 

described as follows: Under certain circumstances some part or parts of a neural 

system may be changed by the information being processed, and this change will alter 

the processing of similar information on future occasions, resulting in a 

corresponding change in the output of the system. When altered behavior resulting 

from this changed output is observed it is usually attributed to a process called 
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“learning,” and this in turn leads to the inference of the existence of a “memory” 

(White and McDonald, 2002). 

In the interest of the interpretation of our results section, we will discuss the murine 

hippocampal and striatal (as part of the basal ganglia) system in further detail with 

emphasis on the interaction of both systems with the prefrontal cortex.  

3.1. The hippocampal system 

3.1.1 Anatomical structure of the hippocampal system  

The hippocampal system, located in the medial temporal lobe, comprises the 

hippocampus proper together with adjacent cortical areas (entorhinal, perirhinal, and 

parahippocampal cortex) making up the parahippocampal region (Bear et al., 2006). 

The hippocampus is a bilateral brain structure that consists of two folded neuronal 

layers: the dentate gyrus (DG) and the Ammon's horn (Cornu Ammonis or CA) 

composed of granular and pyramidal cells, respectively (Lein et al., 2007). The latter 

layer can be divided into four subregions, CA1 to CA4 with CA4 representing the 

hilus, considered part of the DG (Figure 1.7). 

3.1.2 Information transduction pathways  of the hippocampal system 

The entorhinal cortex (EC) is the main source of input to the hippocampus and 

receives highly processed information about the external world, i.e. allothetic 

information, from multiple cortical regions and all sensory modalities (Kloosterman et 

al., 2004; Neves et al., 2008). By means of the perforant path, a bundle of axons 

originating in layer II and III of the lateral and medial EC, this polymodal sensory 

information is directly conveyed to three hippocampal subregions, namely DG, 

CA3(/CA2) and CA1 (Figure 1.7; Kesner et al., 2004). Afferents from EC layer II 

make excitatory synaptic contacts with the dendritic trees of DG granule cells (Hjorth-

Simonsen, 1972). Subsequently, granule cells give rise to axons (mossy fibers) that 

synapse onto the apical dendrites of CA3 pyramidal cells (Gaarskjaer, 1978), which 

combine this input with direct innervation from EC layer II (Kesner et al., 2004). CA3 

neurons either project to CA1 pyramidal cells through a set of fibers called the 
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Schaffer collaterals (Swanson et al., 1978) or leave the hippocampus via the 

fornix/fimbria (Figure 1.7). 

 

 

 

Figure 1.7 The wiring diagram of the hippocampus: a trisynaptic loop. The major input to the 

hippocampus is carried by axons of the perforant path, which convey polymodal sensory information 

from neurons in layer II of the entorhinal cortex (EC) to the dentate gyrus (DG). The granule cells of 

the DG project, through their axons (the mossy fibres), to the apical dendrites of CA3 pyramidal cells 

which, in turn, project to CA1 pyramidal cells through Schaffer collaterals. These connections make 

up the trisynaptic loop of the meanstream information processing in the hippocampus. CA3 and CA1 

pyramidal cells are also innervated by a direct input from layer II and layer III cells of the EC, 

respectively. Besides innervating CA1 neurons, CA3 axons are also a source of hippocampal output 

through the fornix/fimbria. Additional output originates from CA1 projections to the subiculum (figure 

adapted from Neves et al., 2008). 

 

These connections constitute a trisynaptic loop of unidirectional feedforward 

excitatory information processing in the hippocampus (DG-CA3-CA1) (Buzsaki, 

1996; Kesner et al., 2004; White and McDonald, 2002; Bear et al., 2006; Neves et al, 

2008). In addition to projections arising in CA3 neurons, CA1 apical dendrites receive 

direct input from EC layer III (Kesner et al., 2004). Eventually CA1 axons project to 

the subiculum (Swanson et al., 1978), a subregion also provided with direct input from 
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EC layer III (Figure 1.7). Next to input from the entorhinal cortex, information 

regarding an animal’s internal, i.e. self-motion or idiothetic information, including 

movement information from the vestibular organs (detect movement in three 

dimensions), proprioception (information from muscles and joints about limb 

position), motor efference (information from the motor system telling the rest of the 

brain what movements were commanded and executed), and optic flow (information 

from the visual system signaling how fast the visual world is moving past the eyes), is 

also conveyed to the hippocampus by subcortical inputs (Buzsaki, 1996; Kesner et al., 

2004; Etienne and Jeffery, 2004; Bear et al., 2006; Neves, 2008).  

The primary output from the hippocampus originating from CA1 and subicular 

neurons is relayed back to the entorhinal cortex (Figure 1.7). Beyond the output to the 

EC, additional mayor output pathways include the prefrontal and cingulate cortex, the 

amygdala and the dorsomedial striatum. Subcortically, the hippocampal system 

projects to the septum, the mammilary bodies and the anterior thalamus via the 

fornix/fimbria (White and McDonald, 2002).  

Next to the excitatory feedforward connections, the hippocampus is also home to a 

diversity of reciprocal connections and inhibitory neurons. However, it is beyond the 

scope of this chapter to describe these in further detail. 

3.1.3 Memory processing functions of the hippocampal system 

 Spatial memory 

It was observed that rats with hippocampal damage were significantly impaired in 

finding their way through mazes, implying an essential role for this brain structure in 

spatial navigation (Morris et al., 1982; McDonald and White, 1994; Hunsaker et al., 

2008; Czerniawski et al., 2009).  In 1948, Edward Tolman provided compelling 

evidence that rats can actually navigate mazes using previously unlearned shortcuts, 

suggesting that these animals create and use global representations of the environment, 

i.e. cognitive spatial maps, for the storage of episodic memories from the environment. 

However, it took until 1971 for O’Keefe and Dostrovsky to discover hippocampal 

place cells and to hypothesize these cells could serve as the neural substrate for 

http://en.wikipedia.org/wiki/Prefrontal_cortex
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cognitive maps. Recordings of the activity of single hippocampal neurons in behaving 

animals have revealed that each place cell fires at maximal rate selectively in response 

to a particular location. This preferred location is regarded as a kind of receptive field, 

namely a place field (Figure 1.8 A) (Deadwyler and Hampson, 1999; Eichenbaum et 

al., 1999; Nakazawa et al., 2004). Nearly all pyramidal cells in the CA areas and 

granular cells in the DG of the hippocampus are place cells (Moser and Moser, 2008; 

Moser et al., 2008).  

 

 

 

Figure 1.8 Place cells and their spatial firing field. A | The spike locations (red) of a single 

hippocampal place cell is superimposed on the animal’s trajectory in the recording environment 

(black) (left). The corresponding rate maps are color-coded, with blue and red representing a low and 

high firing rate, respectively (middle). The directional plot shows the firing rate as a function of head 

direction (Solstad et al., 2008; Moser and Moser, 2008; Moser et al., 2008). B | Spatial firing fields 

for a pair of simultaneously recorded CA1 pyramidal cells, each presented in a different color, during 

the exploration of a maze (Skaggs and McNaughton, 1996). C | The place fields of a population of 

hippocampal place cells cover an entire physical environment. (Jung et al., 1994) 
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Sequential firing of different place cells can be observed when an animal moves 

around to different locations in an environment (Figure 1.8 B) (Neves et al., 2008; 

Redish et al., 2001). Linked together, the place fields of all hippocampal neurons 

provide a cognitive reference map that covers the entire physical environment (Figure 

1.8 C) (O’Keefe, 1976; O'Keefe et al., 1979; Wilson and McNaughton, 1993). This 

internal spatial representation of an environment using exclusively allothetic cues is 

goal-independent and flexible, as it provides an organism with the ability to orientate 

and navigate based on external cues/landmarks (Eichenbaum et al., 1999; Tanila, 

1999; Deadwyler and Hampson, 1999). Although it is often assumed that navigation 

implies the use of these type of landmarks for goal-directed navigation, many animals 

(including humans) are able to return to the starting point of a journey, or to other goal 

sites, by relying on angular and linear self-motion (idiothetic) cues only. This 

navigation strategy is known as path integration (Etienne and Jefferey, 2004).  

In a new environment, place cells are rapidly recruited (within minutes) and place 

fields corresponding to distinct locations in the environment remain stable over time 

(several months) (Thompson and Best, 1990; Wilson and McNaughton, 1993; Shapiro, 

2001; Jeffery and Hayman, 2004). Since the long-term stabilization of newly 

established place fields over time is dependent on functional NMDARs (Kentros et al., 

1998) and protein synthesis (Agnihotri et al., 2004), it was suggested that the 

mechanism underlying place-field stability and the formation of cognitive maps may 

overlap with those underlying late LTP. Place fields in an environment are not 

systematically/topographically organized, as two adjacent place cells may code for two 

widely separated locations in an environment (Neves et al., 2008) and the hippocampal 

representation of an environment is not a homogeneous representation of all the areas 

of that physical space, as some features of the environment may be overrepresented at 

the expense of others (Eichenbaum et al., 1999). It was observed that hippocampal 

place cells respond to nonspatial aspects of an experience, like odor (Eichenbaum et 

al., 1988). 

Also, place cells appeared to be active in the dark when spatial location based on 

visual cues could not be determined (Quirk et al., 1990). As such, it was established 

that place cells are part of a highly multimodal class of neurons receiving other sources 



Learning and memory 

28 

 

of sensory input in order to contextualize the purely spatial information (Cuperlier et 

al., 2007). White and McDonald (2002) described the hippocampal system to be 

engaged in a broader type of relational information processing. In this model the 

hippocampus encodes a cognitive map based on the critical relations among the 

different salient environmental cues/stimuli/landmarks and their multimodal 

characteristics (colour, sell, size, tactual properties, taste, location/time of occurrence). 

 

Next to place cells which process information related to an animal’s location, 

additional spatially modulated neurons were found in several brain areas outside the 

hippocampus, particularly in the entorhinal cortex and subiculum (Moser et al., 2008). 

In 1985, Ranck reported the existence of head direction cells which are tuned to fire 

when an animal's head (independent of its body position) is oriented in a specific 

direction within an environment and thus enable a sense of direction (Figure 1.9 A). 

The entorhinal cortex also harbors grid cells which have only recently been discovered 

by Hafting et al. (2005). These neurons exhibit multiple firing fields which constitute a 

periodic triangular grid covering the entire environment explored by an animal 

(Hafting et al. 2005) (Figure 1.9 B). This peculiar property of grid cells suggests they 

track precise distances and locations and by those means provide metric information 

during spatial navigation (Hafting et al., 2005; Moser et al., 2008). Finally, border 

cells fire exclusively along the geometrical borders of an environment (Figure 1.9 C) 

irrespective of the height of the border wall, implying that it is the presence of a border 

in itself that induces edge-specific firing (Moser and Moser, 2008). Together these cell 

types provide the necessary information regarding location, distance, direction and 

bounderies to determine one’s spatial orientation and guide ongoing navigation. 
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Figure 1.9 Types of spatially modulated neurons activated in the hippocampal system during 

running in an open field. To date, three additional types of spatially modulated neurons are observed 

in the hippocampal and parahippocampal areas. A, B and C, left | The spike locations (red) of a single 

hippocampal head direction cell (A), a grid cell (B) and a border cells (C) are superimposed on the 

animal’s trajectory in the recording enclosure (black) (left). A, B and C, middle | Rate maps are color-

coded, with blue and red representing a low and high firing rate, respectively. A, B and C, right | The 

directional plots show the firing rate as a function of head direction. The firing fields of a grid cell (A) 

form a periodic triangular matrix tiling the entire environment. Head direction cells(B) and border 

cells (C) fire when an animal’s head points in a certain direction or a geometrical border is reached 

(Solstad et al., 2008; Moser and Moser, 2008; Moser et al., 2008). 

 

One might ask whether the entire hippocampus is equally responsible for spatial 

learning or that a difference in functionality exists between different parts of the 

hippocampus. Moser and colleagues (1993) compared the effect of dorsal and ventral 

hippocampal lesions on performance in the hidden-platform Morris water maze 

(MWM) task.  Dorsal hippocampal lesions consistently impaired spatial learning to a 

larger extent than equally large ventral lesions. When less than 20% of the dorsal 

hippocampus is affected, there is almost no effect on spatial learning. So, spatial 

learning impairments parallel the magnitude of the dorsal lesions. Anatomically, an 
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explanation lies in the fact that the dorsal hippocampus corresponds to a higher degree 

of sensory input from various visual, auditory, and somatosensory association areas, 

making the dorsal part more suitable for sensory information–based spatial learning 

(Room and Groenewegen, 1986). 

 Working memory 

The hippocampus, amongst other regions (e.g. prefrontal cortex), is involved in 

working memory, i.e. a temporary form of information storage with a limited capacity. 

This type of short-term memory is essential for keeping necessary information on-line 

to guide ongoing behavior (Callaerts-Vegh et al., 2006; White and McDonald, 2002; 

Bear et al., 2006). 

 Subregional information processing by the DG, CA3 and CA1   

Differences in the anatomical connections between hippocampal subregions (DG, CA1 

and CA3, see chapter 1, §3.1.1.), subregion-specific lesion studies, recordings of the 

responses of neurons in the hippocampus during a variety of behavioral tasks, etc. 

raised the assumption of both subregional functional diversity and cooperation (Kesner 

et al., 2004; Guzowki et al., 2004). As mentioned, a fundamental property of the 

hippocampus is episodic memory, i.e. the ability to encode and retrieve the memory of 

a particular personal event(s). In this context, an event can be defined as the 

association between a set of items that happen simultaneously, such as a place and a 

object/reward seen at that particular place, and an episodic memory can be a 

succession of events. Importantly, in order to process this type of episodic memories, 

the hippocampus has to avoid spatial and temporal interference between different 

events. The DG-CA3 interaction through mossy fibers is perfectly suited for spatial 

pattern separation, because it encodes and stores different events as distinct from 

each other as possible (Kesner et al., 2004; Leutgeb et al., 2007). Behavioral testing of 

rats with DG lesions has shown that these animals are impaired at detecting 

manipulations of the metric spatial distance between objects (Kesner et al., 2004; 

Goodrich-Hunsaker et al., 2008). So, the DG is involved in metric spatial information 

processing (generating a metric representation of space). To assess spatial pattern 



Chapter 1 

31 

 

separation properties of the DG, Gilbert et al. (2001) performed an experiment using a 

cheeseboard maze in which rats were trained to displace an object which covered a 

baited food-well. The rats were then allowed to choose between two identical objects: 

one covered the same well as the sample phase object (correct choice), and a second 

object covered a different unbaited well (incorrect choice). Different spatial 

separations ranging from 15 cm to 105 cm were used to separate the correct from the 

incorrect object. Results showed that the severity of impairment depended on the 

degree of spatial separation: DG lesioned rats were impaired when short spatial 

distances were applied in this spatial separation task, but the larger the distance 

between the two objects the better the performance. As such, it could be inferred that 

the DG was involved in spatial pattern separation (Kesner et al., 2004; Goodrich-

Hunsaker et al., 2008). From the DG, sparse mossy fiber projections synapse onto 

CA3 pyramidal neurons according to a randomized principle. Because the set of CA3 

neurons activated for each event is random, the probability that any two CA3 neurons 

will receive mossy fiber input from a similar subset of DG cells is very low. This 

implies that the representation of an event or episode in CA3 is maximally different 

from other - even similar - events or episodes (Kesner et al., 2004; Leutgeb et al., 

2007). In CA3, the random set of neurons that are active for a particular event are 

associated, a process called spatial pattern association (Kesner et al., 2004). If the 

input of new information (place or context-related) does not exceed a certain amount 

of difference (difference threshold) compared to a previously stored episodic memory, 

spatial pattern completion by CA3 neurons sets in. Spatial pattern completion refers 

to the ability of the hippocampus to respond to a degraded input by the reconstruction 

of the full previously memorized representation (Kesner et al., 2004; Guzowski et al., 

2004). As such, spatial pattern separation and spatial pattern completion are two 

complementary mechanisms which serve to avoid the storage of behaviorally 

irrelevant redundant representations (spatial pattern completion), but if necessary store 

two dissimilar input patterns as distinct as possible (spatial pattern separation).  While 

the mossy fiber projections to CA3 appear crucial for the encoding of spatial 

information (learning), it is most likely that the direct input of the perforant path to 

CA3 is engaged in the retrieval of this encoded information (Lee and Kesner, 2004). 
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Besides spatial pattern separation and completion, CA3 is also involved in the rapid 

acquisition of novel information (Kesner et al., 2004). To assess the mechanism of 

spatial temporal order pattern separation, Gilbert et al. (2001) made use of a radial 

eight-arm maze. Rats were allowed to visit each arm once in a randomly determined 

sequence. Subsequently, rats with CA1 lesions were presented with two arms and were 

required to choose the arm which occurred earliest in the sequence in order to obtain a 

food reward. The choice arms varied according to temporal separation (0, 2, 4, or 6), 

i.e. the number of arms that occurred between the two choice arms in the previously 

performed sequence. Once rats reached the 75% correct performance criterium, they 

received a CA1 lesion. As a result, their performance attenuated to chance level, a 

finding supportive of a role for CA1 in temporal pattern separation, the encoding of 

the temporal order of spatial locations during an event. All the subregional functions 

cited above, state the involvement of the hippocampus in associative episodic 

memories which typically involve place and/or time.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

3.2. The cortico-striatal system 

3.2.1 Anatomical structure of the basal ganglia 

The basal ganglia are a chain of subcortical nuclei that include the striatum as major 

recipient nucleus, the subthalamic nucleus (STN), the substantia nigra (SN) and the 

globus pallidus (GP) (Gerfen, 1992; Bolam et al., 2000; Groenenwegen, 2003; Yin and 

Knowlton, 2006). The caudate nucleus, the putamen, the nucleus accumbens and the 

olfactory tubercle are collectively referred to as the striatum. In primates, the caudate 

nucleus and the putamen constitute the dorsal striatum, while the nucleus accumbens 

(core and shell) and the olfactory tubercle make up the ventral striatum. In rodents, the 

dorsal striatum is not differentiated into the caudate nucleus and the putamen and is 

referred to as the caudate-putamen (CPu) (McGeorge and Faull, 1989; White, 2009). 

Based on cytoarchitecture, the striatum is a homogeneous structure comprising up to 

95% of GABA-ergic medium-sized, densely spiny neurons (MSNs) and about 5% of 

aspiny or sparsely spiny interneurons (Gerfen, 1992). In primates, the globus pallidus 

- composed of GABA-ergic aspiny neurons - is divided into an internal (GPi) and 

external (GPe) segment. In rodents, the equivalents are the entopeduncular nucleus 
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(EP) and the globus pallidus, respectively (Bolam et al., 2000). The substantia nigra 

(SN) has a clearly distinguishable pars compacta (SNc) and pars reticulata (SNr). 

Based on histochemical, neurochemical and connectional properties, the SNr 

resembles the GABA-ergic neurons in the GPi (EP). In contrast, the SNc consists of 

dopaminergic neurons. The subthalamic nucleus can be considered as one 

morphological entity of glutamatergic neurons (Groenewegen, 2003; Yin and 

Knowlton, 2006). 

3.2.2 Information transduction pathways of the basal ganglia  

The striatum as main recipient nucleus of the basal ganglia receives a variety of 

topographically organized excitatory inputs from the neo-, allo- and mesocortical 

areas, the thalamic nuclei, etc. (see chapter 1, §3.2.3.) (McGeorge and Faull, 1989; 

Voorn et al., 2004). Once all the information is integrated in the striatum and 

processed through the cascade of basal ganglia nuclei, it is projected to the output 

nuclei of the basal ganglia, i.e. the EP and the SNr. Several targets are innervated by 

the coherent output of these nuclei: the thalamocortical projection neurons (to frontal 

cortex) and various brainstem regions including the superior colliculus, the 

pedunculopontine nucleus (PPN) or the reticular formation (Figure 1.10) (Gerfen, 

1992; Bolam et al., 2000). The transmission of information through the basal ganglia 

occurs through two parallel, opposing pathways: the direct, stimulatory pathway 

(Figure 1.10 A, B red and C, left panel) and the indirect, inhibitory pathway (Figure 

1.10 A, B blue and C, right panel). Each of these pathways originates from a distinct 

population of MSNs in the striatum: the direct pathway arises from dopamine D1 

receptor-expressing MSNs, while the indirect pathway initiates from dopamine D2 

receptor-expressing MSNs.  
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Figure 1.10 Connectivity diagram of the basal ganglia. Cortical information that reaches the 

striatum is conveyed to the basal ganglia output nuclei, the substantia nigra pars reticulata (SNr) and 

the entopeduncular nucleus (EP) via two pathways:  a direct, stimulatory pathway (A, B red and C, 

left panel) and a indirect, inhibitory pathway (A, B blue and C, right panel). The direct pathway refers 

to inhibitory projections from the striatal D1 receptor-expressing MSNs directly to SNr/EP. The 

indirect pathway involves an inhibitory projection from the D2 receptor-expressing MSNs in the 

striatum to the globus pallidus (GP), which exerts a tonic inhibition on both the subthalamic nucleus 

(STN) and to the output nuclei. The STN, which receives direct cortical input, sends excitatory 

projections to the SNr/EP. The processed information is then transmitted back to the cerebral cortex 

via the thalamus or conveyed to various brainstem structures including the superior colliculus, the 

pedunculopontine nucleus (PPN) or the reticular formation.  Dopaminergic neurons of the substantia 

nigra pars compacta (SNc) modulate the flow of cortical information (Gerfen, 1992; Bolam et al., 

2000; Groenenwegen, 2003; Yin and Knowlton, 2006; Voorn et al., 2004).  

 

Activation of dopamine D1 receptor-expressing MSNs in the striatum directly inhibits 

the EP and SNr output nuclei, which in turn remove their tonic inhibition 

(disinhibition) from the thalamus and brainstem regions, resulting in the facilitation of 

motor/behavioral output. In contrast, in the indirect pathway cortico-striatal 

information is transmitted indirectly to the output nuclei via interconnecting nuclei, i.e. 

the GP and STN. Activation of the dopamine D2 receptor-expressing MSNs inhibits 
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the GP. As a result, the tonic inhibition of the GP on the STN – a brain structure that 

also receives direct cortical input - is removed and the excitatory projections of the 

STN activate the GABA-ergic EP and SNr, which in turn inhibit the thalamus and 

brainstem regions, and consequently motor/behavioral output.  

In addition to excitatory glutamatergic input, the striatum also receives modulatory 

dopaminergic input from the SNc. Dopamine has an opposite effect on D1 and D2 

receptor-expressing MSNs: transmission by D1 receptor-expressing MSNs is 

facilitated (activation of the direct, stimulatory pathway), while transmission by D2 

receptor-expressing MSNs is suppressed (attenuation of the indirect, inhibitory 

pathway). The net results of high striatal dopamine levels is a disinhibition of the basal 

ganglia output targets.  

3.2.3 Memory processing functions of the cortico-striatal system 

 Regulation of motor movements 

Historically, theories of the basal ganglia function have been centered on motor 

processes, a hypothesis supported by impairments of motor function in humans with 

damage to the basal ganglia (Divac and Öberg, 1979). According to this theory, the 

intention or decision for the execution of voluntary movements and behavior is 

generated at the cortical level, i.e. prefrontal and premotor cortex (Groenewegen, 

2003; Bear et al., 2006), implicating action selection as a matter of cognitive control. 

However, prior to the projection of this information from the motor cortex to the brain 

stem and spinal cord - which in turn projects to the muscles - several cortical and 

subcortical brain regions exert their influence on the motor cortex in order to fine-tune 

the selection, coordination and timing of the motor output/behavior. One of these 

subcortical structures involved in motor regulation are the basal ganglia. As to how the 

basal ganglia exactly contribute to the refinement and regulation of voluntary 

movements and behavior, the following theory was hypothesized: First, the decision to 

execute a certain voluntary movement or behavior is made by the prefrontal and 

(pre)motor cortex. Next, this information is projected to the basal ganglia where 

facilitation of the desired movements is enhanced by the direct pathway and 
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suppression of the unwanted or competing movements is established by the indirect 

pathway. Furthermore, dopamine serves to activate the direct pathway over the 

indirect pathway (Gerfen, 1992, Bolam et al., 2000; Gerfen and Surmeier, 2011).  

 Anatomofunctional striatal subregions and their involvement in learning 

and memory  

Recently, there has been greater recognition for the involvement of the striatum in 

cognitive processes, an assumption supported by the cognitive impairments associated 

with neurodegenerative disorders of the basal ganglia. In this view, Balleine and 

O’Doherty (2010) stated that the decision process for action selection/control is not 

solely dependent on the prefrontal cortex (Balleine and O’Doherty, 2010). Moreover, 

distinct striatal subregions have been linked to different forms of reward-related 

decision processes during learning (Balleine et al., 2007). This functional 

heterogeneity is imposed on the striatum by the numerous projections it receives from 

the entire cortical mantle (McGeorge and Faull, 1989; Voorn et al., 2004). Since the 

topographic organization of these cortical areas is preserved in their cortico-striatal 

projections, the striatum is in fact an anatomofunctional heterogenous brain structure 

with specialized subregions according to the type of cortical information integrated 

and processed (see chapter 1, §3.2.3.) (Yin and Knowlton, 2006; White, 2009) (Figure 

1.11 A, upper left). Additional excitatory input from the thalamic nuclei (Figure 1.11 

A, upper right), the hippocampus (Figure 1.11 A, lower right) and the amygdala 

(Figure 1.11 A, lower left) is also conveyed to the striatum in a matching topographic 

manner. However, the topographical organization of the cortico-striatal projections is 

the leading organizational principle (Voorn et al., 2004). The anatomofunctional 

compartmentalization imposed on the rodents’ striatum by virtue of convergent 

cortical afferents is as follows (Figure 1.11 A, B):  

The associative striatum comprises the medial CPu, i.e. the dorsomedial striatum 

(DMS), and is innervated by visual and auditory areas of the neocortex (Figure 1.11 

cortico-striatal projections not shown) (McGeorge and Faull, 1989). Furthermore, 

mesocortical afferents from the prefrontal cortex (PFC), more specifically the 

prelimbic cortex (PL) (Figure 1.11 A: PLd in purple, PLv in pink; B: PL), the anterior 
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cingulate (aCC) cortex (Figure 1.11 A: ACC in blue; B: AC), and innervations by the 

posterior parietal cortical area (Figure 1.11 cortico-striatal projections not shown) 

convey higher order associational information to the DMS (McGeorge and Faull, 

1989; Groenewegen, 2003; Reep et al., 2003; Yano and Steiner, 2005a,b; White, 

2009). Also, output from the hippocampal system is conveyed to the associative 

striatum (Figure 1.11 A: lower right) (White and McDonald, 2002). This cortico-

dorsomedial striatal circuit controls outcome-mediated action selection. This type of 

flexible, goal-directed actions is driven by the expected value of the outcome and the 

contingency (causal relationship) between action and outcome, meaning that actions 

are performed with regard to their consequences and the association between a specific 

action and the value of its outcome (A-O association). If a certain outcome is more 

probable given performance of action X compared to action Y, then the strength of the 

X-O association is increased while the strength of the Y-O association is decreased. 

Consequently, these actions are sensitive to outcome devaluation and contingency 

degradation (Balleine et al., 2007; Hilario and Costa, 2008; Balleine and O’Doherty, 

2010).  

The sensorimotor striatum comprises the lateral CPu, i.e. the dorsolateral striatum 

(DLS), and is innervated by somatosensory (Figure 1.11 B: SS) and motor areas 

(Figure 1.11 A: SMC in green; B: SS, M1 and M2) of the neocortex (McGeorge and 

Faull, 1989; Joel and Weiner, 2000; Voorn et al., 2004; White, 2009). This cortico-

dorsolateral striatal circuit controls stimulus-mediated action selection. This type of 

rigid, habitual actions is driven by antecedent stimuli and the learned stimulus-

response (S-R) associations without an associative link to the outcome of the action, 

and as a consequence is not sensitive to outcome devaluation and contingency 

degradation (Balleine et al., 2007; Hilario and Costa, 2008; Balleine and O’Doherty, 

2010). Any response that is performed can, in theory, become associated with any 

stimulus that happens to be present, if the two are temporally contiguous with a 

reinforcer (White and McDonald, 2002). This reinforcer solely acts as a catalyst to 

increase the associative strength, but in itself is not part of the association (Balleine 

and O’Doherty, 2010). In order for a habit to form (S-R learning), a particular 

behavior has to be regularly repeated without any major changes in the outcome value 



Learning and memory 

38 

 

(Hilario and Costa, 2008), increasing the probability that the stimulus will elicit the 

same response in the future.  

The limbic or ventral striatum receives extensive input from allocortical structures, 

such as the hippocampus (Figure 1.11 A: lower right), the entorhinal cortex (Figure 

1.11 projections not shown), the amygdala (Figure 1.11 A: lower left), etc. In addition, 

indirect allocortical input is relayed to the ventral striatum via mesocortical areas, i.e. 

prefrontal infralimbic (Figure 1.11 A: IL in red; B: IL), prelimbic (Figure 1.11 A: PLd 

in purple, PLv in pink; B: PL), anterior cingulate cortex (Figure 1.11 A: ACC in blue; 

B: AC) and agranular insular cortex (Figure 1.11 A: AId in brown, AIv in yellow; B: I) 

(McGeorge and Faull, 1989; Voorn et al., 2004). Furthermore, the ventral striatum 

receives projections from the orbitofrontal cortex (Figure 1.11 B: LO), a prefrontal 

cortical region innervated by all sensory modalities and several limbic areas (Balleine 

and O’Doherty, 2010). By virtue of its limbic input, the ventral striatum is a crucial 

interface for the translation of emotional and motivational (limbic system) information 

into actions (basal ganglia motor system). As mentioned earlier, the dorsal striatum 

governs two sources of action control/selection and accordingly two types of learning, 

i.e. goal-directed action selection/learning based on A-O associations and habitual 

action selection/learning based on S-R associations (Yin and Knowlton, 2006; 

Pennartz et al., 2009; Balleine and O’Doherty, 2010). In both types of learning 

motivational information provided by the corticolimbic-ventral striatal loop is 

integrated in the reward/outcome-related decision-making process. In the case of goal-

directed actions, the affective and motivationally relevant properties of an experienced 

outcome/reward associated with a particular action, i.e. the experienced reward-value 

of that specific outcome, is encoded by the basolateral region of the amygdala, a 

region projecting to the core of the nucleus accumbens. In the case of stimulus control 

over action selection (S-R actions), stimuli that predict a certain outcome/reward upon 

performance are the source of motivation to enhance the performance of a particular 

action, irrespective of the value of the outcome that the stimulus predicts. These 

stimuli are referred to as Pavlovian predictors of reward and are presumably encoded 

by the orbitofrontal cortex, a region projecting to the shell of the nucleus accumbens 

(Balleine and O’Doherty, 2010).   



Chapter 1 

39 

 

 

 

Figure 1.11 Schematic representation of the topographic organization of striatal inputs in rodents. 

A | The rostrocaudal and mediolateral position of striatal excitatory afferents originating in the 

frontal cortex (upper left), the midline and intralaminar thalamic nuclei (upper right), the basal 

amygdaloid complex (lower left) and the hippocampus (lower right) are largely preserved in the 

regional location of the their terminations in the striatum, demonstrated by showing the input areas 

and their corresponding striatal projection zones in the same colors. ACC, anterior cingulate cortex; 

AId, dorsal agranular insular cortex; AIv, ventral agranular insular cortex; IL, infralimbic cortex; 

PFC, prefrontal cortex; PLd, dorsal prelimbic cortex; PLv, ventral prelimbic cortex; SMC, 

sensorimotor cortex; DLS, dorsolateral striatum; DMS, dorsomedial striatum. B | The topographical 

organization of cortico-striatal projections along the anterior (rostral) - posterior (caudal) axis is 

shown. AC, anterior cingulate cortex; I, insular cortex; IL, infralimbic cortex; PL, prelimbic cortex; 

SS, somatosensory cortex; M1, primary motor cortex; M2, secondary motor cortex; LO, lateral orbital 

cortex (McGeorge and Faull, 1989; Voorn et al., 2004). 
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Taken together, the striatum is far from only a motor circuit, but instead is positioned 

to integrate a diverse array of sensorimotor, limbic, and associative information to 

regulate behavior. Accordingly, dysfunctions within the basal ganglia have been 

implicated in a diverse array of psychiatric disorders, including drug abuse, impulse 

control disorders, schizophrenia and depression. 
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Materials and methods 
 

 

Data is partially published in Brain Structure and Function 2012 Feb 8. [Epub ahead of print]:  

Annelies Laeremans, Julie Nys, Walter Luyten, Rudi D’Hooge, Melissa Paulussen and Lut Arckens. 

AMIGO2 mRNA expression in hippocampal CA2 and CA3a. 

 

1. Animals 

Eight week old female C57BL/6J mice (Centre D’Elevage Janvier, Le-Genest-Saint-

Isle, France) were group housed (5-7 mice per cage) in standard cages with wood-

shaving bedding. Food and water were available ad libitum and mice were handled for 

1 week (tail coloring) prior to the start of behavioral testing. The housing environment 

was temperature and humidity controlled with a 12 h light-dark cycle (lights on at 8 

am). Behavioral testing was performed during the light phase. All procedures were 

approved by the ethical research committee of KU Leuven in accordance with the 

Declaration of Helsinki. 

 

2. Behavioral training procedures 

2.1. Morris water maze training 

Spatial learning capacity was tested in the hidden platform version of the Morris water 

maze (MWM). The test apparatus consisted of a large circular pool (diameter 150 cm, 

height 33 cm) filled with water (25-26°C) to a depth of 16 cm. Water was made 
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opaque with non-toxic white paint to prevent animals from seeing a transparent 

circular platform (diameter 15 cm, height 15 cm) submerged 1 cm beneath the water 

surface. The platform was located at a fixed position in one of the quadrants 25 cm 

from the nearest pool wall. The pool was located on an elevated platform (height 

platform 50 cm) at the center of a well-lit room with various distinct visual cues.  

All mice arrived in the laboratory on the same day, were handled daily and were 

sacrificed at the age of 15 weeks. From the start of the MWM experiment all cages 

were transferred to the training room each day. Each trial began at one of the four 

starting locations by placing the mouse at the edge of the pool facing toward the 

centre. During trials the experimenter remained seated at a fixed location.  

Behavior was recorded using Ethovision video tracking equipment and software 

(Noldus Bv, Wageningen, The Netherlands). Overall task performance was evaluated 

by calculating the time taken (trial time or escape latency) and the total distance 

traveled (path length) to find the hidden platform. A repeated measures one-way 

ANOVA was used to test for learning related changes in the experimental groups. The 

α-level was set to 0.05. 

2.2. Experimental conditions (Figure 2.1)  

In relation to two predefined learning phases in the Morris water maze, early and late 

learning, we included seven different groups of mice in our MWM training setup. The 

early learning phase is represented by experimental mice trained to find the hidden 

platform for 2 days (2d_T, 1 session of 4 trials per day) and 3 days (3d_T, 1 session of 

4 trials per day), while late learning is represented by mice trained for 30 days (30d_T, 

2 sessions of 4 trials per day for the first 25 days, then 1 session of 4 trials per day for 

the remaining 5 days). The four trials in each session (at random order of the four 

starting positions) were separated by a 15 minute break, and when two sessions were 

performed on a single day they were separated by 2 hours. Mice that mounted onto the 

submerged platform were allowed to remain on it for 15 s. When a trial was not 

completed in 2 min the mouse was guided to the platform and remained there for 15 s. 
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As a first control condition free-swimming controls were added to the experimental 

setup. Free-swimming control mice (2d_SC, 3d_SC and 30d_SC) explored the same 

environment except that the hidden platform and distal cues were removed. 

Experimental and free-swimming control groups were matched with respect to the 

time spent swimming on each trial and the total number of trials performed.  

As a second control condition, non-swimming caged control mice (CC) were included; 

they did not receive any water maze training but were always transferred between 

housing and training rooms together with the other 6 groups of mice during the 30 day 

testing period.  

 

 

 

Figure 2.1 Schematic representation of the experimental conditions. The experimental setup 

included limited and extensively MWM trained mice, namely 2 day (2d_T) and 3 day (3d_T) trained 

early learners and 30 day overtrained (30d_T) late learners. As a counterpart these conditions have a 

free-swimming control (SC): 2d_SC, 3d_SC and 30d_SC. A second control group existed of non-

swimming caged control (CC) mice. 

 

In chapter 3, hippocampal data are presented as they are incorporated in the 

manuscript ready for submission. This implicates that the early and late learning phase 
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are represented by the 3 day (not 2 day) and 30 day experimental conditions, 

respectively, given that these time points were included in all parallel experiments 

(neuronal activity/plasticity quantification, receptor subunit quantification, patch 

clamping, …) and therefore provided analogous data for the conjoint publication. 

Since the early learning phase is represented exclusively by the 3 day groups, 

terminology of the experimental conditions was slightly adapted with a reference to 

the learning phase included in the group name:  

 

In general In chapter 3 

3d_T EL_T 

3d_SC EL_SC 

30d_T OT_T 

30d_SC OT_SC 

 

 

2.3. Statistics 

Repeated measures one-way ANOVA was used to test for an effect of learning over 

the days of training. A one-way ANOVA was performed for the direct comparison 

between experimental groups on the final day of training. Bonferroni correction was 

applied to post hoc tests. A probability level of < 0.05 was accepted as statistically 

significant (P < 0.05 *, P < 0.01 ** and P < 0.001 ***). Statistical analyses were 

performed using Sigmastat 3.1 (SYSTAT software).  
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3. Semi-quantitative in situ hybridization (ISH) to determine zif268, arc, H1a and 

Pcp4 expression levels 

3.1. Subjects 

Mice used for pilot study (n=9), for generating hippocampal atlas (n=3), and for final 

MWM experiment (2d_T (n=7), 2d_SC (n=4), 3d_T (n=14), 3d_SC (n=11), 30d_T 

(n=15), 30d_SC (n=11) and CC (n=12)). 

3.2. Tissue preparation 

Forty-five minutes after the last training trial, mice were sacrificed by cervical 

dislocation followed by decapitation. This optimal survival time after the final trial 

was determined by a pilot study sacrificing mice 30, 45 and 60 min after the final trial 

and visualizing the mRNA distribution pattern of the three different immediate early 

genes, zif268, arc and Homer1a, by means of in situ hybridization. For these IEGs 

combined, forty-five minutes evoked the highest possible response. After decapitation, 

brains were rapidly dissected and immediately frozen in 2-methylbutane (Merck, 

Overijse, Belgium) at a temperature of -40 °C and stored at -80 °C. Coronal sections 

(25 µm) were cut on a cryostat (Microm HM 500 OM, Walldorf, Germany) and 

mounted onto 0.1% poly L-lysine (Sigma-Aldrich, St. Louis, MO)-coated slides. 

Series of brain sections covering the entire rostrocaudal extent were collected 

(Franklin and Paxinos, 2008) and kept at -30°C.  

3.3. In situ hybridization 

In situ hybridization for zif268, arc, H1a and Pcp4 was performed using established 

methods (Arckens et al., 2000; Van Brussel et al., 2009; Laeremans et al., 2012). 

Briefly, 25 μm coronal sections were postfixed in 4% paraformaldehyde in 0.12M 

phosphoric acid in phosphate-buffered saline (PBS; 0.1 M, pH 7.4, 30 min, 4°C; 0.9% 

NaCl), dehydrated (50%, 70%, 98%, 100%, 5 min) and delipidated (100% chloroform, 

10 min). The mouse-specific synthetic zif268, arc and H1a oligonucleotide probes 

(sequence zif268: 5’-ccgttgctcagcagcatcatctcctccagyttrgggtagttgtcc-3’; sequence arc: 

5’-cttgacccagcgctccaggttggcgatggtctcctggcagcggca-3’; sequence H1a: 5’-gatgctcagag 
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gagaatcccagtccataaacagtgtttgcccggc-3’; sequence Pcp4: 5’-ctcctgacgtcttgtcttttccgttggt 

cgctccggcactttgtc-3’) were end-labeled with 
33

P-dATP (NEN, Zaventem, Belgium) 

using terminal deoxynucleotidyl transferase (Invitrogen, Paisley, UK). Unincorporated 

nucleotides were removed using miniQuick Spin columns (Roche Diagnostics, 

Brussels, Belgium). The radioactive labeled probe was mixed with a hybridization 

cocktail (50% formamide, 4x standard saline citrate, 1x Denhardt’s solution, 10% 

dextran sulphate, 100 μg/ml Hearing sperm DNA, 250 μg/ml tRNA, 60 mM 

dithiothreitol, 1% N-lauryl-sarcosine, 26 mM NaHPO4 pH 7.4) and the zif268, arc, 

H1a and Pcp4 probes were then each applied on a series of dehydrated sections with 

overnight incubation at a temperature of 37 °C. The next day, the sections were rinsed 

in 1x standard saline citrate buffer at 42 °C, air-dried and opposed to an 

autoradiographic film (Kodak, Zaventem, Belgium) together with a [
14

C] microscale 

(GE Healthcare, Buckinghamshire, UK). Films for zif268, arc, H1a and Pcp4 were 

developed in Kodak D19 developing solution after 21 days, 18 days, 4 days and 4 

days, respectively. Fixation was performed using Rapid fixer (Ilford Hypam, Kodak).  

3.4. Regions of interest (ROIs) 

Based on our pilot study, literature concerning spatial learning and the multiple 

parallel memory systems theory we determined a number of (sub)regions of interest. 

3.4.1. The hippocampus (Learning-related changes in the hippocampus are discussed in chapter 3 

and 4) 

Optical density (OD) data for the hippocampal subregions cornu Ammonis 1 (CA1) 

and 3 (CA3) (Figure 2.3, blue) were measured along the rostrocaudal axis from -1.58 

mm till -2.54 mm relative to Bregma. Discrepancies regarding the correct delineation 

of the different CA subfields between the mouse atlas available at the time (Paxinos 

and Franklin, 2001, Figure 41, Bregma -1.22) and observations by Lein and colleagues 

(2005), prompted us to construct a Pcp4-based mouse atlas of the hippocampus. We 

opted for Pcp4, because Lein et al. (2005) validated Pcp4 as a molecular marker for 

CA2 in C57BL/6 mice. To generate the atlas, we performed in situ hybridization 

experiments for Pcp4 on consecutive 25 µm coronal brain sections spanning the entire 
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dorsal hippocampus. Subsequently, these coronal sections were used for a histological 

Nissl-staining (Thionin-acetate 1%, Fluka Chemika, Sigma-Aldrich). Overlays of the 

Pcp4 autoradiograms and the corresponding histologically stained sections enabled the 

correct localization of Pcp4 mRNA expression. In contrast to CA2, the CA1 and CA3 

subfields were completely devoid of signal. As such, the clear-cut demarcation of CA2 

simultaneously defined the end of CA1 and the beginning of CA3, enabling us to 

differentiate these CA subfields (Figure 2.2; Appendix 1). Recently, in the new edition 

of the mouse brain atlas the delineation of CA2 has been adjusted (Franklin and 

Paxinos, 2008; Figure 41, Bregma -1.22), and now corresponds well to our results and 

those of Lein et al. (2005), consolidating the validity of Pcp4 as a marker of CA2 for 

the neuroscience community (Lein et al. 2004, 2005; Zhao et al., 2001). Figure 2.3 

depicts the hippocampal ROIs used for quantitative IEG expression analysis, i.e. CA1 

and CA3. 

 

 

 

Figure 2.2 Delineation of the hippocampal cornu Ammonis (CA) subfields. Overlays of the Pcp4 

autoradiograms (grayscale) and the corresponding Nissl-stained sections (purple) enabled the correct 

localization of Pcp4 mRNA. In contrast to CA2, dentate gyrus (DG) and fasciola cinerea (FC), the 

CA1 and CA3 subfields of the Ammon’s horn were devoid of Pcp4.  
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Figure 2.3 Regions of interest (ROIs) for quantitative IEG expression analysis of the hippocampus. 

Myelin-stained section with the hippocampal subregions depicted in blue: CA1 (cornu Ammonis 1) 

and CA3 (cornu Ammonis 3). 

 

3.4.2. The dorsal striatum and the anterior cingulate cortex (aCC) (Learning-related 

changes in the striatum and the aCC are discussed in chapter 4) 

OD measurements in the dorsal striatum (Figure 2.4, green) and the aCC (Figure 2.4, 

yellow) were assessed along the rostrocaudal axis from +1.10 mm till +0.38 mm 

relative to Bregma (Franklin and Paxinos, 2008).  

 

Figure 2.4 Regions of interest (ROIs) for quantitative IEG expression analysis of the striatum and 

anterior cingulate cortex. Myelin-stained section with the striatal subregions depicted in green: DMS 

(dorsomedial striatum), sDMS (superior dorsomedial striatum), and DLS (dorsolateral striatum). The 

anterior cingulate cortex (aCC) is depicted in yellow. 
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Since the striatum is a heterogeneous structure, quantitative analysis was performed in 

three different subregions (Figure 2.4, green), namely the dorsomedial striatum (DMS) 

and its most superior part (sDMS), and the dorsolateral striatum (DLS). These striatal 

subdivisions were defined by their predominant cortical input as dicussed in chapter 1 

(McGeorge et al., 1989; Voorn et al., 2004; Kreitzer et al., 2008; Kreitzer et al., 2009).  

3.4.3. The medial prefrontal cortex (Learning-related changes in the medial prefrontal cortex are 

discussed in chapter 4) 

For the prelimbic (PL) and infralimbic (IL) regions of the medial prefrontal cortex, 

optical densities per mouse were determined in the PL (Figure 2.5, orange) and IL 

(Figure 2.5, yellow) from + 1.98 mm till +1.70 mm relative to Bregma (Franklin and 

Paxinos, 2008; Van De Werd et al., 2010; Paulussen et al., 2011).  

 

 

 

Figure 2.5 Regions of interest (ROIs) for quantitative IEG expression analysis of the medial 

prefrontal cortex. Myelin-stained section with the prelimbic (PL) and infralimbic (IL)  cortex depicted 

in orange and yellow, respectively.  

3.5. Quantitative analysis 

Autoradiographic images were scanned (CanoScan LiDE 600F, Canon, U.S.A.) and 

quantitative analysis of the optical density was done by means of ImageJ (Image 

processing and analysis in Java, National Institutes of Health, Bethesda, Maryland, 

USA). For each of the ROIs, OD measurements were obtained from three consecutive 
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brain sections between the Bregma levels mentioned above (see chapter 2, §3.4.). Per 

brain section, the template comprising to the ROIs present on the section was 

bilaterally drawn over the relevant brain sections and optical densities were measured 

accordingly. Subsequently, the average mean gray values of corresponding regions in 

both hemispheres were averaged, resulting in one data point for each section. Per 

mouse, the three data points corresponding to the three sections were averaged.  

Since optical density values for DMS, sDMS, DLS, CA1, CA3 and aCC were gathered 

from different ISH experiments, an exponential calibration curve of relative optical 

density (ROD; log265/mean gray value) versus radioactivity concentration of the [
14

C] 

microscales was constructed by ImageJ for each ISH experiment to enable quantitative 

analysis across experiments. OD measurements for the prefrontal cortex (PL and IL) 

were collected from one single ISH experiment. As such, there was no need for 

normalization across experiments by means of [
14

C]  microscales and ODs could be 

measured in grayscale ranging from 0 to 255, respectively indicating none and 

maximum activity. 

3.6.  Statistics 

For each experimental condition, the data were presented as mean ± standard error of 

the mean (SEM). For the hippocampal data (chapter 3), a two-way ANOVA with the 

factors days of treatment (3 days or 30 days), i.e. learning phase, and treatment 

(trained or free-swimming control) was used to test for learning-specific changes in 

IEG expression. Fisher’s LSD post hoc tests were used for pairwise comparisons and a 

probability level of <0.05 was accepted as statistically significant (P < 0.05 *, P < 0.01 

** and P < 0.001 ***). Learning-specific changes in IEG expression were defined as a 

significant learning phase x treatment interaction. For the cortico-striatal data (chapter 

4), learning-specific changes in IEG expression were identified by a single-factor 

design in which the main effect of days of treatment, i.e. 2 days, 3 days or 30 days, on 

IEG expression was independently evaluated in MWM trained mice and free-

swimming controls by means of a one-way ANOVA. Fisher’s LSD post hoc tests were 

used for pairwise comparisons and a probability level of <0.05 was accepted as 

statistically significant (P < 0.05 *, P < 0.01 ** and P < 0.001 ***). For each 
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subregion, learning-specific changes in IEG expression were defined as changes in 

IEG expression over the course of learning present in trained animals but not in free-

swimming controls. An unpaired t-test was used for the direct comparison of IEG 

expression present in trained and free-swimming control groups at different levels of 

the factor days of treatment. A probability level of <0.05 was accepted as statistically 

significant (P < 0.05 *, P < 0.01 ** and P < 0.001 ***). The non-swimming caged 

control group was not included in any statistical analysis since they were only included 

to provide a baseline measure of IEG expression. Statistical analyses were performed 

using SigmaStat 3.1 (SYSTAT software).  

3.7. Corticosterone levels 

Immediately after decapitation, blood (0.3-0.5 mL) was collected in heparin coated 

eppendorf tubes (Heparine Lithium salt, porcine intestinal mucosa (Sigma-Aldrich, St. 

Louis, MO); concentration coating: ~22 units per tube) and centrifuged (3000 rpm, 

3°C, 15 min). Plasma was transferred to new tubes and stored at -20 °C. Plasma 

corticosterone levels were measured using a commercially available double antibody 

radioimmunoassay (RIA) (IDS Ltd., Boldon, U.K.). The intra-assay coefficient for 

corticosterone was 3.9 %. Corticosterone levels did not differ significantly (P = 0.2) 

across groups. Thus, IEG expression levels are solely related to task performance and 

not to confounding influence of stress caused by swimming in the pool. 

 

 

 

Figure 2.6 Plasma corticosterone levels. The corticosterone levels across groups did not differ 

significantly (P = 0.2). 



Chapter 2 

52 

 

4. Acute slice biotinylation assay (ASBA) to determine the optical density of 

glutamate receptor subunits in the hippocampal plasma membrane 

The ‘Acute Slice Biotinylation Assay’ or ASBA is based on the ‘Hippocampal acute 

slice preparation’ (Thomas-Crusells et al., 2003) and was recently optimized in our 

research group for the isolation of plasma membrane proteins. Basically, this 

technique enables the selective labeling of proteins on the surface of the plasma 

membrane in an intact brain slice with a membrane impermeable biotin-linker. After 

dissection and homogenization of the region of interest, the biotin-labeled plasma 

membrane protein fraction can be separated from the unlabeled cytosolic protein 

fraction by streptavidin affinity chromatography. Followed by Western blotting, this 

technique provides the possibility to visualize the trafficking of specific surface 

proteins in and out of the plasma membrane. We used ASBA to track changes in the 

number of glutamate receptor subunits in the hippocampal plasma membrane over the 

course of learning. 

4.1. Subjects 

Trained and control animals for ASBA: EL_T (n=6), OT_T (n=6) and CC (n=6). 

4.2. Tissue preparation 

All mice were sacrificed by cervical dislocation at the age of 12-15 weeks, 1 hour after 

the last training trial. Brains were rapidly dissected in ice-cold artificial cerebrospinal 

fluid (aCSF, 124 mM NaCl, 4.9 mM KCl, 2 mM MgSO4.7H2O, 2 mM CaCl2.2H2O, 

1.2mm KH2PO4, 25.6mM NaHCO3 and 10mM D-glucose) saturated with 95% O2 and 

5% CO2. Subsequently, the brains were separated along the longitudinal fissure and, 

the hemispheres were cut into 400 μm sagittal brain slices using a Vibratome (Leica 

VT1000S, Leica Microsystems, Wetzlar, Germany). In order to recuperate, these brain 

slices were placed in an incubation chamber filled with aCSF, provided with a 

continuous flow of 95% O2 and 5% CO2, during 90 minutes. 
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4.3. Acute slice biotinylation assay 

Sections were washed twice in ice-cold aCSF (supplemented with CO2 and O2 

throughout the experiment), and kept on ice for 45 min to incubate with EZ-Link 

sulpho-NHS-SS-Biotin (0.5mg/ml in aCSF, Thermo Scientific, Pierce, Erembodegem, 

Belgium, aCSF with no carbonate). Next, the sections were washed twice with ice-

cold aCSF complemented with 1 μM lysine (Acros Organics, Geel, Belgium) to block 

all possible remaining reactive NHS-SS-biotin and then again kept in ice-cold aCSF. 

From all the sections of each hemisphere the entire hippocampus was dissected using a 

Bausch & Lomb (Rochester, USA) microscope and collected in 100 μl lysis buffer 

(1% Triton X-100 (TX-100), 0.1% sodium dodecyl sulphate (SDS), 1 mM 

ethylenediaminetetraacetic acid (EDTA), 50 mM NaCl, 20 mM Tris, pH 7.5, and a 

mix of protease inhibitors (Roche)). After mechanical homogenization and 

centrifugation (10000g, 5 min, 4 °C) the supernatant was removed and the total protein 

concentration in the pellet was determined according to the Micro BCA TM Protein 

Assay Kit (Pierce, Thermo Scientific). Samples were kept at -80 ° C. 

4.4. Isolation of membrane proteins 

Biotin-labeled membrane proteins were separated from the cytosolic proteins by a 

protocol based on biotin’s affinity for streptavidin. For this purpose, 150 μl resin 

(Streptavidin agarose resin, Pierce) was loaded on a Spin Cup Cellulose acetate filter 

at room temperature (RT) - column (Pierce, Thermo Scientific) and centrifuged (500g, 

1min). 700 μl of phosphate buffered saline (PBS, 0.1M H3PO4, 0.15M NaCl, pH 7.2) 

was added and the column was centrifuged (500g, 1min). This washing step was 

repeated three times. The biotinylated sample (1000 μg protein) was loaded onto the 

column and shaken for 15 minutes at RT. After centrifugation (500g, 1min), the 

column was washed three times with 700 μl PBS. To each sample, 5 μl 2% SDS 

(Thermo Scientific), 45 μl 200 mM Tetraethylammonium bromide (TEAB, Thermo 

Scientific), 45 μl MilliQ (Millipore, USA) and 5 μl  200 mM Tris (2-carboxyethyl) 

phosphine (TCEP, Thermo Scientific) were added, followed by reduction (1h, 55 °C ). 

Samples were alkylated in 5 μl 375 mM iodoacetamide (IAA, Thermo Scientific, 

30min in the dark), centrifuged (500g, 1min) and the obtained fraction was kept. 
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Subsequently 25 μl 200 mM TEAB and 25 μl MilliQ were added, the sample was 

centrifuged (500g, 1min), the derived fraction added to the previous and kept at -80 

°C.  The concentration of the membrane fraction was determined by the Microplate 

BCA Protein Assay Kit - Reducing Agent Compatible (Pierce, Thermo Scientific). 

4.5. Western Blotting  

Optimal loading concentration of the membrane proteins was determined by protein 

dilution series (0.5-5 μg). A concentration within the linear range of the detection 

system characterized by a good signal to noise ratio was selected. For AMPA2, NR1, 

NR2A and NR2B this resulted in 1 μg, 1 μg, 4 μg and 4 μg respectively. After the 

addition of 5 μl Reducing Agent (10x, Invitrogen, Paisley, UK) and 2 μl Lithium 

dodecyl sulfate sample buffer (LDS, 4x, Invitrogen), the samples were denatured 

(10min, 70 °C). AMPA2 protein samples were separated on 4-12% Bis-Tris Midi-gels 

in the XCell4 SureLock Midi-Cell (Invitrogen), whereas NR1, NR2A and NR2B 

protein samples were separated on Tris-Acetate gels (Invitrogen). All samples were 

run in duplo for each receptor subunit, meaning we blotted 2 gels with identical 

sample line-up. Subsequently the samples were transferred to a Polyvinylidene 

difluoride (PVDF) membrane (iBlot, Gel Transfer Stack; Invitrogen). After a 1-2 h 

incubation in 5% ECL blocking agent (GE Healthcare, Buckinghamshire, UK) in Tris-

saline (0.01M Tris, 0.9% NaCl, 0.1% TX-100, pH 7.6), the membrane was incubated 

overnight with a primary antibody against AMPA2 (1:1000, rabbit Ab, AB1768; 

Chemicon, Millipore), NR1 (1:500, mouse Ab, 556308; BD Pharmingen), NR2A 

(1:2000, rabbit Ab, AB1555P; Chemicon, Millipore) and NR2B (1:1000, rabbit Ab, 

AB1557P; Chemicon, Millipore). The next day, the blots were successively washed in 

Tris-saline (4x7min), 30 minutes incubated with HRP-conjugated secondary antibody 

(goat anti-rabbit IgG and goat anti-mouse IgG, 1:50.000, Dako, Glostrup, Denmark), 

rinsed in Tris-saline (5x7min) and Tris-stock (1x5min) (0.05M Tris, pH 7.6) and 5 

minutes in Super Signal West Dura (Pierce). The immunoreactive bands were 

visualized using chemiluminescence detection (Supersignal West Dura, Thermo 

Scientific, Pierce) and ECL hyperfilm (GE Healthcare). Examples of Western analysis 

for AMPA2, NR1, NR2A and NR2B on hippocampal plasma membrane fractions 
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shown in figure 2.7 demonstrate our ability to specifically detect each of these receptor 

subunits.   

 

 

 

Figure 2.7 Western blots visualizing the optical density of AMPA2, NR1, NR2A and NR2B subunits 

inserted into the hippocampal plasma membrane. Western blot analysis on the hippocampal 

membrane fraction obtained after ASBA showed specific bands for AMPA2,  NR1, NR2A and NR2B at 

approximately 108 kDa, 120 kDa, 180 kDa and 180 kDa, respectively. 

 

4.6. Quantitative analysis 

The protein bands were semi-quantitatively evaluated by densitometry (ImageJ, Image 

processing and analysis in Java, National Institutes of Health, Bethesda, Maryland, 

USA). First, to account for inter-gel variability including loading differences, 

incomplete transfer or position on the blot (Aldridge et al., 2008), a total protein stain 

(TPS, LavaPurple, Gelcompany) was performed on each blot according to 

manufacturer’s instructions. Prior to the normalization of each receptor subunit 

specific band/signal to its TPS (thus for each sample/lane), the lane-specific TPS itself 

was normalized to its adjacent inter-lane TPS background to correct for TPS staining 

artifacts. Then, for each receptor subunit the optical density value per mouse was 

normalized to its corresponding normalized TPS. Also, to compare samples between 

different gels, normalized data were expressed relative to a reference control, i.e. a 

cage control mouse. 

4.7. Statistics  

Data are presented as mean ± SEM. Statistical analysis of data was accomplished by a 

one-way ANOVA, and Fisher’s LSD post hoc tests were used for pairwise 

comparisons and a probability level of <0.05 was accepted as statistically significant 

(P < 0.05 *, P < 0.01 ** and P < 0.001 ***). Statistical analyses were performed using 

SigmaStat 3.1 (SYSTAT software).  
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Chapter 3 

 

 

Hippocampal contributions to spatial learning: 

early versus late Morris water maze learning 
 

 

Data of this chapter combined with electrophysiological data are ready for submission to Journal of 

Neuroscience 

  

1. Introduction 

Experience-dependent persistent enhancement of the synaptic efficacy between 

simultaneously activated neurons, known as long-term potentiation (LTP), has been 

generally acknowledged as an essential neuroplastic mechanism substantiating 

learning and memory (Bliss and Collingridge, 1993; Laroche, 1994; Martinez and 

Derrick, 1996; Miller and Mayford, 1999; Martin et al., 2000; Whitlock et al., 2006; 

Citri and Malenka, 2008). Stimuli capable of evoking LTP have been shown to induce 

the transcription of both regulatory and effector immediate early genes (IEGs) 

characterized by their rapid and transient induction following neuronal activity without 

the need for de novo protein synthesis (Cole et al., 1989; Wisden et al., 1990; Kato et 

al., 1997; Brakeman et al., 1997; Richter-Levin et al., 1998; Thomas, 2002). Various 

studies support a role for IEGs as triggering actors in the molecular switch necessary 

for the consolidation of learning-induced temporary short-term functional 

modifications in pre-existing neuronal circuits into robust long-lasting protein 

synthesis-dependent structural changes (Abraham et al., 1991; Nguyen et al., 1994; 

Dragunow, 1996; Guzowski et al., 2000; Kelly and Deadwyler, 2003; Knapska and 

Kaczmarek, 2004; Benfenati, 2007).  
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Zif268 (Zink finger protein 268, also referred to as Egr1) is a transcription factor-

encoding regulatory IEG that coordinates the expression of a variety of learning-

related downstream target genes and consequently has a general effect on cell 

physiology. Its dynamic expression pattern has been used in various behavioral 

paradigms to map activated brain (sub) regions undergoing IEG-facilitated memory 

consolidation (Tischmeyer and Grimm, 1999; Guzowski et al., 2001). As an effector 

IEG, H1a (Homer 1a, also referred to as Vesl-1S, i.e. VASP/Ena-related gene 

upregulated during seizure and LTP 1 short-splice variant) expression triggers specific 

cellular functions engaged in the structural and functional modification of existing 

dendritic synapses and therefore directly contributes to experience-induced synaptic 

plasticity (Kato et al., 1997; Hernandez et al., 2006; Kubik et al., 2007). Vazdarjanova 

et al. (2002) showed that newly synthesized H1a mRNA is selectively targeted to 

activated excitatory synapses in the dendritic arbor and locally translated. Moreover, 

H1a transcription is upregulated due to the exploration of a novel environment in the 

same hippocampal neurons as arc (activity-regulated cytoskeleton protein), an 

elaborative studied effector IEG involved in dendritic remodeling. In fact, it was 

proposed that H1a and arc cooperate in order to structurally and functionally modify 

existing dendritic synapses. In support of this hypothesis, Sala et al. (2001, 2003) 

demonstrated that activity-induced H1a, a short splice variant lacking the coiled coil 

(CC) domain and thus unable of multimerization, interferes with long Homer isoforms 

(CC-Homer) and assembled multiprotein complexes in the postsynaptic density, 

thereby counteracting morphological growth and maturation of spines and synapses in 

hippocampal neuron cultures. This dominant negative feedback led to a decreased 

number and size of dendritic spines, smaller PSD-95 clusters closely located to the 

dendritic shaft, a reduced number of NMDA and AMPA receptors accompanied by 

diminished postsynaptic currents. A particular role of homer scaffolding proteins that 

recently has received great interest regards the regulation of group I metabotropic 

glutamate receptor (mGluR) signaling (Kammermeier et al., 2000; Xiao et al., 2000; 

Kammermeier, 2006; Kammermeier and Worley, 2007). CC-Homers were shown to 

crosslink these receptors to intracellular IP3Rs (inositol triphosphate receptors) 

creating an efficient molecular signaling complex (clustered receptors) that is activated 
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upon glutamate stimulation of group I mGluRs. Since H1a disrupts this physical 

linkage, IP3 released upon glutamate stimulation of group I mGluRs has to diffuse 

further thereby resulting in a lower concentration of IP3 effectively binding IP3Rs and 

consequently a reduced level of released intracellular Ca
2+

. Thus neuronal activity 

evokes a negative feedback mechanism to reduce glutamate-induced release of Ca
2+ 

from intracellular pools. 

In this chapter we provide a detailed report on different molecular mechanisms 

mediating neuronal plasticity in the hippocampus during the active early learning 

phase after 3 days of training and we describe for the first time learning-induced 

changes evoked by 30 days of extensive MWM training (late overtrained learning 

phase). To characterize these plasticity processes, we determined the immediate early 

gene expression patterns of zif268 and H1a, the number of surface AMPA and NMDA 

receptors and the NMDAR subunit composition.   

 

2. Materials and methods 

Expression of the transcription factor-encoding immediate early gene (IEG) zif268 

provided a molecular marker of learning-related neuronal activation (Davis et al., 

2003; Barry and Commins, 2011), whereas the expression of the effector IEG H1a was 

more closely associated to learning-related plasticity (Yano and Steiner, 2005a,b; 

Yano et al., 2006). Quantification of the IEG distribution patterns evoked by early and 

late learning was performed for CA1 and CA3 by means of in situ hybridization, while 

preserving the integrity of neural circuits and neuronal functioning. In these ISH 

experiments the conditions were EL_T (n = 7), EL_SC (n = 4), OT_T (n = 8), OT_SC 

(n = 4) and CC (n = 5). Furthermore, we quantified the number of AMPA2, NR1, 

NR2A and NR2B glutamate receptor subunits inserted into the hippocampal plasma 

membrane by acute slice biotinylation assay (ASBA) and Western analysis. In this 

experiment the conditions were the following: EL_T (n = 6), OT_T (n = 6) and CC (n 

= 6). For a detailed description regarding all methods see chapter 2.  
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3. Results 

3.1. Behavioral learning profile 

As shown in Figure 1, three days of training in the EL_T group already led to rapid 

and large performance gains clearly visible as a steep decrease in path length. A 

greatly improved performance, however, was achieved by the OT_T group due to the 

intense training over 30 days expressed as low values of path length and an asymptotic 

level of performance.  

 

 

 

Figure 3.1 Learning curves during limited and extensive MWM training. The learning curves, 

demonstrating task acquisition as a decrease in the total path length swam (cm) before mounting onto 

the submerged platform, of 3 days trained EL_T (n=7)  and 30 days trained OT_T (n=8) mice are 

depicted in gray and black, respectively. The pseudo-colored images visualize the corresponding swim 

paths, with blue and red indicating areas where the minimum and maximum amount of time are spent 

searching for the escape platform, respectively. Due to learning, the frequently visited search area in 

the swimming pool is gradually reduced until a focus on the target/platform quadrant (gray dotted 

box) and eventually the platform (black delineated box) is clearly established.  



Hippocampal contributions to early and late spatial learning 

 

60 

 

This decline in path length over consecutive training days was accompanied by an 

enhanced goal-directed focus towards the platform, visualized by the gradual 

refinement of the search area from the whole pool (Figure 1, pseudocolored image at 

day 1) to the platform quadrant in the EL_T (Figure 1, gray outlined box) to a 

consistent focus on the platform in the OT_T (Figure 1, black outlined box). A detailed 

description of the trial time parameter can be found in chapter 4 § 3.1. 

3.2. Initial acquisition but not consolidation of spatial memory is reflected in 

changed hippocampal IEG expression patterns 

3.2.1 Zif268 expression 

Quantitative analyses of zif268 expression levels over the course of learning 

demonstrated no learning-specific changes in hippocampal CA1 (treatment x learning 

phase interaction: F1,18 = 0.113, P = 0.741; Figure 3.2 A) and CA3 (treatment x 

learning phase interaction: F1,18 = 0.548, P = 0.469; Figure 3.2 B).  

 

 

 

Figure 3.2 Zif268 expression levels during early and late learning.  A | In CA1, zif268 mRNA levels 

did not differ over the course of training in either the trained or the free-swimming treatment groups, 

B | Like in CA1, zif268 expression in CA3 was not significantly different between any of the treatment 

groups. Moreover, in contrast to CA1, zif268 expression in CA3 of trained and free-swimming mice 

was not elevated above baseline caged control level. Black, gray and white bars represent 

experimental (trained, T), free-swimming control (SC) and caged control (CC) groups, respectively. 

Error bars represent SEM. EL_T (n = 7), EL_SC (n = 4), OT_T (n = 8), OT_SC (n = 4) and CC (n = 

5). 
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Also, in neither hippocampal subregion a main effect for the factor treatment (CA1: 

F1,18 = 0.309, P = 0.585; CA3: F1,18 = 0.229, P = 0.638) or learning phase (CA1: F1,18 = 

1.982, P = 0.176; CA3: F1,18 = 4.371, P = 0.051) was found. 

3.2.2 Homer1a (H1a) expression 

In CA1, H1a expression decreased from early to late learning in the trained but not 

free-swimming groups (treatment x learning phase interaction: F1,18 = 7.577, P = 

0.013), indicating a specific contribution of CA1 to early spatial learning. 

Additionally, H1a expression at 30 days was significantly higher in free-swimming 

compared to trained mice (post hoc test: P < 0,001). While CA3 did not exhibit 

learning-specific changes (treatment x learning phase interaction: F1,17 = 0.474, P = 

0.5), H1a expression was significantly higher during early learning in both trained and 

free-swimming control mice compared to late learning (main effect of learning phase: 

F1,17 = 5.828, P = 0.027), indicating a more general involvement of CA3 during early 

task performance. 
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◄ Figure 3.3 H1a expression levels during early and late learning. A | In CA1, H1a mRNA levels 

were significantly higher during limited (EL_T) compared to extensive (OT_T) MWM. This dynamic in 

expression was not present in the free-swimming controls. OT_SC showed an elevated H1a mRNA 

expression level in comparison with OT_T animals. B | In CA3, comparable to CA1, H1a mRNA levels 

were significantly higher during limited (EL_T) compared to extensive (OT_T) MWM training. 

However, this dynamic was also present in free-swimming controls, and therefore was not learning-

specific. C | Coronal sections displaying H1a expression in trained (EL_T and OT_T),  free-swimming 

control (EL_SC and OT_SC) and caged control (CC) mice. The left hemisphere shows the original 

autoradiogram in gray scale and is matched on the right by its pseudo-colored counterpart. The color 

scale ranges from no (dark green) to maximum (white) signal. CA1 and CA3 subdivisions were based 

on our anatomical atlas of the hippocampus (see chapter 2 §3.4.1. and Appendix 1). Black, gray and 

white bars represent experimental (trained, T), free-swimming control (SC) and caged control (CC) 

groups, respectively. Error bars represent SEM. *, P < 0.05. ***, P < 0.001. Black asterisks indicate 

a significant difference between T groups. Red asterisks indicate a significant difference between T 

and SC groups.# indicates a significant interaction with P < 0.05. EL_T (n = 7), EL_SC (n = 4), 

OT_T (n = 8), OT_SC (n = 4) and CC (n = 5). 

 

In general, while for most experimental groups zif268 and H1a expression in CA3 

remained around baseline IEG expression level as detected in caged controls, this was 

not the case in CA1 with clearly elevated expression levels depending on the 

experimental condition. 

3.3. Correlation between IEG expression and performance  

Since the upregulation of IEG mRNA within a structure does not impose its functional 

requirement for successful completion of the task, a Pearson correlation analysis was 

performed between IEG (zif268 and H1a) mRNA levels and task performance in the 

MWM. For the EL_T animals, H1a expression levels in CA1 were significantly 

inversely correlated with the escape latency, and thus positively correlated with 

proficiency in task execution. Consequently, mice that performed best as demonstrated 

by the lowest escape latencies, had the highest H1a expression levels in CA1 (Rp=-

0.9401, p=0.0016) (Figure 3.4).  

 



Chapter 3 

63 

 

 

 

Figure 3.4 Correlation between H1a expression level and MWM task performance. A Pearson 

correlation analysis between H1a mRNA levels and task performance in the MWM demonstrated a 

significant negative correlation for the EL_T animals (n=7) in CA1 (Rp=-0.9401, p=0.0016). 

Overtraining (OT_T, n=8) was accompanied by a loss of correlation in CA1 (Rp=-0.1458, p=0.7306). 

 

Once mice were overtrained, hardly any individual difference remained with regard to 

escape latency and H1a expression level, demonstrated by a loss of correlation in CA1 

(Rp=-0.1458, p=0.7306) (Figure 3.4). No significant correlations with performance 

were found for H1a expression levels in CA3 for any of the trained groups. In terms of 

zif268, correlations with task performance did not reach significance in CA1 and CA3, 

not for the EL_T mice and not for the OT_T mice. Thus, only H1a expression in CA1 

reflects changes in behavioral performance and task proficiency during the initial early 

learning phase of the MWM. 

3.4. Glutamate receptor subunit expression on the plasma membrane of 

hippocampal cells 

The number of AMPA and NMDA receptors inserted into the hippocampal cell plasma 

membrane was visualized by ASBA and Western analysis for AMPA2 and NR1 

subunits, respectively. The total amount of AMPA2 and NR1 on the plasma membrane 

did not differ between early and late learning, nor between these trained conditions and 
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caged controls (Figure 3.5 A, B; AMPA2: F2,14 = 0.370, P = 0.698; NR1: F1,18 = 0.855, 

P = 0.446). 

 

 

 

Figure 3.5 Glutamate receptor subunits on the hippocampal plasma membrane. A | No learning-

related changes in the number of AMPARs inserted into the hippocampal plasma membrane, 

visualized by the AMPA2 subunit, were detected compared to CCs. B | Also, no difference in the 

number of NMDARs, measured by the number of NR1 subunits, was present over the course of 

learning in comparison with CCs. C | Learning-induced changes in the NMDAR subunit composition 

elicited a significantly lower OD of NR2A subunits in EL_T mice compared to CC. Upon extended 

training, an increase in NR2A subunits could be discerned relative to EL_T mice. Moreover,the 

number of NMDARs expressing this subunit was similar to CCs. D | EL_T animals showed a 

significantly increased number of NR2B subunits. After 30 days of training, a significant decline in the 

NR2B OD (p=0.0252) set in and OT_T mice reached the level of CCs. Black and white bars represent 

experimental (trained, T) and caged control (CC) groups, respectively. Error bars represent SEM. *, 

P < 0.05. **, P < 0.01. EL_T (n = 6), OT_T (n = 6) and CC (n = 6). 
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Interestingly, Western analysis of the ASBA membrane protein samples revealed 

changes in NMDAR subunit composition over the course of learning (NR2A: F2,14 = 

4.341, P = 0.034; NR2B: F2,13 = 5.542, P = 0.018). More specifically, early learning 

resulted in a significantly diminished number of NR2A subunits compared to CC (post 

hoc test: P = 0.011; Figure 3.5 C), coinciding with an increased number of NR2B 

subunits (post hoc test: P = 0.007; Figure 3.5 D). In contrast to the EL_T group, the 

OD of NR2A and NR2B subunits after 30 days of training did not differ significantly 

from CC (post hoc tests: NR2A: P = 0.253; NR2B: P = 0.607; Figure 4C, D). When 

comparing extensive to limited training, an increase in NR2A subunits (post hoc test: P 

= 0.094; Figure 3.5 C) and a significant decline in the NR2B OD (post hoc test: P = 

0.025; Figure 3.5 D) could be observed. 
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4. Discussion 

4.1. Differential zif268 and H1a expression patterns in CA1 and CA3 over the 

course of MWM training 

The aim of the present study was to investigate different potential neuronal plasticity 

mechanisms simultaneously active in the hippocampus during limited versus extended 

MWM training. Semi-quantitative in situ hybridization analyses for the regulatory IEG 

zif268 and the effector IEG H1a revealed different temporal dynamics of their 

expression levels in and between CA1 and CA3.  

As a transcription factor-encoding regulatory IEG zif268 alters the expression of 

various downstream learning-related genes involved in multiple cellular processes and 

thus was interpreted as a general experience-induced neuronal activity marker (Jones 

et al., 2001; Davis et al., 2003; Knapska and Kaczmarek, 2004). The effector IEG H1a 

has been used as a synaptic plasticity marker (Yano and Steiner, 2005a,b; Yano et al., 

2006), because of its implication in the activity-dependent regulation of synapse 

structure and function (Sala et al., 2001, 2003; Thomas, 2002) and its co-expression 

with arc (Vazdarjanova et al., 2002), an effector IEG proven to be more closely related 

to learning-induced plasticity than neuronal activity (Fletcher et al., 2007). 

CA1. In this study, a continuous upregulation of zif268 in CA1was observed in all 

trained and yoked free-swimming control mice compared to naive caged controls. No 

difference in zif268 transcription level could be detected between the trained and free-

swimming control condition in either learning phase. Combined with the fact that no 

correlation exists between zif268 induction and task proficiency, we suggest that zif268 

mRNA levels in CA1 did not visualize task-specific activity. MWM experiments by 

Guzowski and colleagues (2001) also showed no clear corresponding habituation of 

the zif268 response in the dorsal hippocampus with asymptotic behavioral performance 

and no significant correlation between learning (escape latency) and zif268 expression. 

Our findings support the hypothesis that learning and the expression of learned 

behavior (retrieval) partly make use of the same cellular processes. As such, 

hippocampal signaling pathways engaged in IEG expression do not distinguish 
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between the processing of familiar and new information (Guzowski et al., 2001; 

Miyashita et al., 2008).  

Concerning the enhanced hippocampal activity in free-swimming controls, 

immunohistochemical analysis by Shires and Aggleton (2008) showed a significantly 

higher number of Zif268-positive CA1 cells in the free-swimming compared to the 

working memory group after 20 training days in a slightly different MWM protocol. 

They assigned this finding to the fact that the swimming pattern of free-swimming 

mice was quantitatively different from trained animals and no possibility to escape 

made this procedure rather stressful (Kavushansky et al., 2006). However, 

corticosterone levels across all our experimental conditions, including free-swimming 

controls, did not differ significantly (see chapter 2, §3.). Therefore, we suggest that 

like in trained animals, the hippocampus encodes spatial information even though this 

is not necessary for the free-swimming control condition. This principle has previously 

been shown for the cued water maze task, in which hippocampal zif268 expression was 

similarly elevated as in the spatial MWM version despite the fact that the hippocampus 

was not required for successful task completion (Guzowski et al., 2001). Another 

possible explanation resides in the fact that Young and colleagues (1994) 

demonstrated that the hippocampus was also involved in the encoding of non-spatial 

information. By using a nonspatial radial maze task in which performance was guided 

by local visual-tactile cues on the maze arms and distal spatial cues were minimized 

and made irrelevant, they showed that one-fifth of the recorded hippocampal units 

responded to the type of cue, but not spatial location. Conversely, a similar proportion 

of the units responded selectively to location, but not cue type. However, the majority 

of hippocampal neurons encoded relations between spatial and local cue (non spatial) 

information. Similarly, in our experimental MWM setup for free-swimming controls 

the distal cues were removed (hidden). Possibly, they encoded the whisk used to take 

them out of the pool as a ‘local’ cue.  

In contrast to zif268, H1a did display learning-related changes in expression. The level 

of H1a expression in CA1 was higher during early spatial learning compared to the 

overtrained late learning phase, while similarly elevated H1a transcription was present 

in early and late free-swimming controls. Notably, only early on in learning MWM 
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performance and H1a expression levels in CA1 were significantly correlated, i.e. high 

task proficiency corresponded to high H1a induction. So, animals that already learned 

well required less synaptic plasticity demonstrated by a pronounced H1a expression 

level. This finding is in accordance with the antagonistic role of H1a in regulating the 

degree of CC-Homer signaling complexes, e.g. mGluR−CC-Homer−IP3R, and as such 

synaptic plasticity.  

Thus, although the dorsal hippocampal CA1 subregion is activated during both phases 

in trained and free-swimming control mice, both actively engaged in swimming in the 

pool, the specific upregulation of H1a expression during the early learning phase in 

trained mice suggests that H1a-activating forms of synaptic plasticity are restricted to 

this early time period of acquisition as confirmed by a prominent correlation between 

the proportion of synaptic plasticity (H1a) and the degree of learning which was lost as 

animals became overtrained. However, in free-swimming controls synaptic plasticity 

is not limited to the early phase, but persists after 30 days when free-swimming control 

mice have a significantly higher H1a transcription compared to overtrained animals. A 

possible explanation could be that yoked free-swimming control mice, rescued from 

the pool by a whisk, are learning the fact that they will be taken out of the pool. 

However, since the time point and place of rescue can not be coupled to their 

behavioral performance, an ongoing upregulation of H1a seemingly indicates they are 

still trying to learn this ‘task’. The lack of behavioral data on free-swimming controls 

makes it impossible to check for this hypothesis.  

CA3. In terms of CA3, zif268 data reported no learning-specific changes in activity 

and zif268 expression in the experimental conditions was comparable to the baseline 

level in caged controls. H1a data indicated a general and therefore not learning-

specific decrease in the degree of plasticity upon overtraining. No correlation was 

found between either IEG expression level and task performance in 3 and 30 days 

trained mice. As a consequence, these changes were probably not attributable to 

behavior and CA3 is not involved in spatial MWM learning, an outcome that can be 

supported by a study in which mutant mice with disrupted NMDAR function 

specifically in CA3 pyramidal cells were not impaired in the acquisition and retrieval 
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of spatial reference memory in the Morris water maze (Nakazawa et al., 2002). 

Furthermore, if the configuration of familiar cues in the environment was altered, these 

CA3 NMDAR KO mice did fail in the successful execution of this task (Nakazawa et 

al., 2003). Together with a CA3 lesion study by Gold and Kesner (2005) it was 

proposed that CA3 is only active if spatial pattern completion is necessary. 

4.2. No changes in the total number of AMPARs inserted into the plasma membrane 

of hippocampal cells upon MWM training 

The net insertion of AMPARs in the postsynaptic membrane has been proposed as one 

of the main mechanisms for LTP induction (Shi et al., 2001; Malenka, 2003). 

AMPARs are tetramers composed of four different types of subunits (AMPA1-4). 

Since pyramidal neurons in the adult hippocampus are merely enriched in AMPARs 

expressing two AMPA1/AMPA2 or AMPA2/AMPA3 identical heterodimers 

(Wenthold et al., 1996; Zhu et al., 2000; Malinow and Malenka, 2002; Kessels and 

Malinow, 2009), we quantified the expression of the GluR2, also known as AMPA2, 

subunit in order to measure the total number of AMPARs inserted into the 

hippocampal cell plasma membrane. However, our results did not reveal any 

differences in net expression level of surface AMPA2 subunits between naive caged 

controls, limited or extensively trained mice. Most likely this is due to the fact that 

depending on their subunit composition AMPARs exert different trafficking 

properties. In cultured hippocampal neurons AMPA1/AMPA2 receptors are recruited 

into the surface of dendritic membranes by LTP-inducing stimuli, whereas 

AMPA2/AMPA3 receptors are continuously replacing the existing synaptic receptors 

in an activity-independent manner (Shi et al., 1999; Passafaro et al., 2001; Shi et al., 

2001; Lu et al., 2001; Lee et al., 2004). By quantifying the total amount of AMPA2 

subunits regardless of whether they are assembled with AMPA1 or AMPA3 subunits, 

we did not distinguish between both trafficking mechanisms and therefore most likely 

masked learning-specific changes.  
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4.3. A constant number of NMDARs but an altered NMDAR subunit composition 

accompanies early spatial learning in the MWM 

NMDARs consist of two obligatory NR1 subunits that assemble with two regulatory 

subunits, namely NR2A through D or NR3A or B, into functional heterotetramers. In 

the mammalian forebrain NR2A and NR2B are predominantly expressed and they lend 

different kinetic properties to these receptors (Massey et al., 2004; Kopp et al., 2007; 

Yashiro and Philpot, 2008). The unmistakable importance of NMDARs in synaptic 

plasticity has been shown repeatedly (Matynia et al., 2002; Malinow and Malenka, 

2002) and regarding MWM learning, mice carrying a CA1-restricted knockout of the 

NR1 subunit, essential for NMDAR function, were slower in learning the hidden 

platform position and they did not reach the optimal performance attained by control 

mice (Tsien et al., 1996). However, the specific roles of NR2A- and NR2B-containing 

NMDARs in LTP and learning and memory are still a topic of debate. Studies by Liu 

et al. (2004) and Massey et al. (2004) imply the requirement of activated NR1/NR2A 

and NR1/NR2B receptors in LTP and LTD, respectively. Conversely, a review by 

Yashiro and Philpot (2008) and recent findings of Foster et al. (2010) state that NR2B 

and not NR2A subunits promote LTP. Accordingly, also in terms of learning and 

memory some controversy exists. The targeted disruption of hippocampal NR2A 

subunits evoked a slight deficiency of spatial MWM performance reported as a less 

precise execution of the task (Sakimura et al., 1995). Clayton and colleagues (2002) 

showed that specific knock down of NR2B subunits in the hippocampus by localized 

antisense-NR2B injections impaired spatial learning. Also, overexpression of NR2B in 

transgenic mice resulted in enhanced performance of the hidden platform water maze 

task compared to wild-type mice (Tang et al., 1999).  

In our study, ASBA and Western analysis identified no change in the number of 

surface-expressed NMDARs over the course of MWM training and in comparison the 

caged controls. However, early learning did result in a change of NMDAR subunit 

composition. Using a visual deprivation model to induce synaptic plasticity, Quinlan et 

al. (1999) also reported no major changes in the number of NR1 subunits (NMDARs) 

and suggested that changes in the composition rather than the number of NMDARs 
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substantiated synaptic plasticity (Yashiro and Philpot, 2008). More specifically, we 

found an increase of NR2B subunits and a decline of NR2A subunits relative to caged 

controls. Taken together with the findings that NR2B-containing NMDARs reveal a 

longer current duration (Vicini et al., 1999), carry a greater amount of Ca
2+

 ions per 

current unit (Sobczyk et al., 2005) and are more likely to be bound by CaMKII 

compared to NR2A-expressing NMDARs (Strack and Colbran, 1998), our present 

results confirm the hypothesis of mandatory presence and activation of NR2B-

consisting NMDARs in LTP induction and spatial reference learning. Our finding that 

after 30 days the NMDAR subunit constitution of overtrained mice was again 

comparable to caged controls is in accordance with the fact that changes in NMDAR 

subunit constitution are primarily necessary for LTP induction and not maintenance 

(Yashiro and Philpot, 2008). 

 

 

 

 

 

 

 

 

 

 



Cortico-striatal contributions to early and late spatial learning 

 

72 

 

Chapter 4 

 

 

Cortico-striatal contributions to spatial learning: 

early versus late Morris water maze learning 
 

 

Part of the data of this chapter combined with analogous human data are resubmitted to Proceedings 

of the National Academy of Sciences of the United States of America (PNAS). 

 

1. Introduction 

The multiple parallel memory systems (MPMS) theory states that the hippocampus 

and the dorsal striatum are central structures in independent memory systems, each 

supporting different aspects of learning and memory formation (Packard and 

Knowlton, 2002; White and McDonald, 2002; Poldrack and Packard, 2003; Squire, 

2004; Ghiglieri et al., 2011). In the context of spatial learning, the hippocampus 

supports cognitive, flexible navigation strategies relying on learning the general layout 

of an environment through stimulus-stimulus associations (cognitive spatial map) and 

the subsequent integration of environmental cues with the goal-location. This type of 

navigation strategy is goal-directed (outcome-dependent), requiring animals to 

concomitantly encode the causal relationship between a specific action and its 

consequence/outcome/goal, i.e. action–outcome (A–O) contingency, and the value or 

utility of that outcome (O'Keefe et al., 1979; Morris et al., 1982; Packard et al., 1989; 

Packard and McGaugh, 1992; McDonald and White, 1993; McDonald and White, 

1994; Packard and McGaugh, 1996; Iaria et al., 2003; Barnes et al., 2005; Doeller et 

al., 2008; Lee et al., 2008). On the contrary, the dorsal striatum supports habitual, 

inflexible navigation strategies established by the strengthening of particular responses 
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with task-specific sensory cues (S-R associations) as a function of reinforcement 

rendering these actions impervious to the outcome value (McDonald and White, 1994; 

Balleine et al., 2007). When both systems can provide an adequate solution for a 

spatial learning task, the cognitively demanding hippocampal-dependent place strategy 

is acquired early in learning, while the reflexive striatal-dependent response strategy 

dominates the expression of learned behavior after repeated training, revealing a 

temporal dynamic in the use of multiple memory systems in an invariable task 

(Packard and McGaugh, 1996; Packard, 1999).  

However, based on recent results in rodents alternative views are emerging that 

suggest a strict dichotomy between dorsal striatum and hippocampus does not fully 

reflect the complexity of their respective roles in learning and memory formation 

(Devan and White, 1999; Devan et al., 1999; Yin and Knowlton, 2004). Taken 

together with the anatomical finding that the dorsal striatum is organized into two 

intrinsically heterogenous compartments by virtue of their topographically organized 

(neo-, meso- and allo-) cortical input (McGeorge and Faull, 1989; Voorn et al., 2004), 

a functional distinction is suggested between lateral and medial dorsal striatal 

subregions. The dorsomedial striatum receives predominant input from allo- and 

mesocortical regions associated with the limbic system and therefore plays a 

prominent role in goal-directed spatial learning (Devan and White, 1999; Tricomi et 

al., 2004; Yin and Knowlton, 2004, 2006; Valentin et al., 2007; White, 2009; Balleine 

and O'Doherty, 2010; Redgrave et al., 2010). The dorsolateral striatum is primarily 

innervated by neocortical somatosensory and motor areas and is consequently critical 

for habit formation (Jog et al., 1999; Yin and Knowlton, 2004, 2006; Tricomi et al., 

2009; Balleine and O'Doherty, 2010; Redgrave et al., 2010). Furthermore, interactions 

between memory systems can be either competitive or cooperative (Packard et al., 

1989; McDonald and White, 1993; Schroeder et al., 2002; Poldrack and Packard, 

2003; McDonald et al., 2004; Voermans et al., 2004; Lee et al., 2008). Since the 

coordination of these interactions is best defined as an executive function, it is likely 

mediated by the prefrontal cortex (Killcross and Coutureau, 2003). Dynamic 

interaction between memory systems via prefrontal cortex is consistent with 

anatomical connectivity: hippocampus projects directly to prefrontal cortex (Swanson, 
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1981; Jay and Witter, 1991), which in turn, projects to striatum via highly specific and 

as previously mentioned topographically organized circuits (Alexander et al., 1990; 

Parent and Hazrati, 1995).   

Notably, much of the evidence for the independent and parallel function of the dorsal 

striatum and hippocampus comes from maze tasks that can be solved either by 

response-based or placed-based strategies (Packard and McGaugh, 1996; Packard and 

Knowlton, 2002). Rodent studies have typically used lesions to test the preferred 

navigation strategy in the absence of one or the other memory system. While this 

approach provides the opportunity to reveal powerful double dissociations, it fails to 

offer insight into how the dorsal striatum and hippocampus contribute to a unitary 

learning process in the intact brain. To test whether the functional dichotomy between 

hippocampus and dorsal striatum proposed by the multiple parallel memory systems 

hypothesis can be confirmed in the intact brain, mice performed the classic 

hippocampal-dependent hidden platform version of the Morris water maze (Morris et 

al., 1982) and we determined the extent to which subdivisions within the dorsal 

striatum, i.e. dorsomedial (DMS), superior dorsomedial (sDMS), dorsolateral (DLS), 

and hippocampus
#
, i.e. cornu Ammonis 1 (CA1) and 3 (CA3), contribute to early 

(initial acquisition) and late (overtrained) phases of spatial learning. Since prior 

evidence suggests that in addition to the hippocampus and dorsal striatum, learning 

this version of the task might be more broadly supported by the medial prefrontal 

cortex, we also targeted the anterior cingulate (aCC), prelimbic (PL) and infralimbic 

(IL) prefrontal cortices (Whishaw et al., 1987; Devan et al., 1996, 1999; Devan and 

White, 1999; Wang and Cai, 2008; Leon et al., 2010). This broad approach should be 

able to give us more insight into how the different memory systems and their neural 

substrates interact to accomplish the transition from a once daunting task into an 

effortless and automatic habit. Spatially distributed patterns of neuronal activation 

were obtained by imaging immediate early gene expression levels (Davis et al., 2003; 

Barry and Commins, 2011). 

# Regarding the hippocampus, results are reported in chapter 3 and will be discussed here in view of 

the multiple parallel memory systems hypothesis. 



Chapter 4 

75 

 

2. Materials and methods 

Expression of the transcription factor-encoding immediate early gene (IEG) zif268 

provided a molecular marker of learning-related neuronal activation (Davis et al., 

2003; Barry and Commins, 2011), whereas the expression of the effector IEG arc was 

more closely associated to learning-related plasticity (LTP, LTD and homeostatic 

scaling) than to neuronal activity (Fletcher et al., 2007). Quantification of the IEG 

distribution patterns evoked by early and late learning was performed for the 

aforementioned cortical and subcortical areas by means of in situ hybridization, while 

preserving the integrity of neural circuits and neuronal functioning. For a full 

description of the behavioral procedures and the in situ hybridization experiments used 

to obtain the IEG expression patterns see chapter 2. In this chapter the experimental 

conditions were the following: 2d_T (n = 7), 2d_SC (n = 4), 3d_T (n = 7), 3d_SC (n = 

4), 30d_T (n = 8), 30d_SC (n = 4) and CC (n = 5). 
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3. Results 

3.1. Behavioral learning profile 

Three experimental groups of mice were trained on the hidden-platform version of the 

Morris water maze for 2 days (2d_T, n = 7), 3 days (3d_T, n = 7) and 30 days (30d_T, 

n = 8) (Figure 4.1).  

 

 

 

Figure 4.1 Behavioral performance during early and late MWM learning. A reduction in escape 

latency (s) during the initial acquisition of the water maze reflects the early learning phase and is 

represented by the 2 day (2d_T, n=7) and 3 day (3d_T, n=7) group. Stable escape latencies during 

overtraining are indicative of the late learning phase, corresponding to the 30 day (30d_T, n=8) 

group. Graphical pseudo-colored representations of the search area (blue and red indicating 

minimum and maximum search time spent, respectively) during early learning in the 2d_T and 3d_T 

group indicate that the overall search area remains variable and covers most of the environment with 

some focus towards the platform quadrant after 3 days of learning. During the late learning phase 

search patterns in the 30 day group are highly focused on the hidden platform. Black circle represents 

the hidden platform. Error bars represent SEM. Mean daily escape latencies for 2d_T, 3d_T and 

30d_T mice are represent by light gray, dark gray and black bullets, respectively. 
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After limited training, behavioral performance of the 2 day group on the final day of 

training was characterized by an unfocused search pattern that covered the entire 

search area available (Figure 4.1, pseudo-colored search area representation 2d_T), 

while the search pattern of the 3 day group was more goal-directed but still variable 

(Figure 4.1, pseudo-colored search area representation 3d_T). The escape latency, i.e. 

trial time or time needed to find the hidden platform, decreased during the early 

learning phase between day 1 and 2 in the 2 day group (T1,6 = 3.975, P = 0.007; Figure 

4.1, light gray bullets) and between day 1 and 3 in the 3 day group (F2,12 = 4.057, P = 

0.045; Figure 4.1, dark gray bullets). In contrast, the search pattern of the 30 day 

extensively trained group on the final day of training was highly focused on the hidden 

platform location (Figure 4.1, pseudo-colored search area representation 30d_T). Trial 

time decreased significantly over the course of training (F29,203 =  33.823, P < 0.001), 

plateauing within 10-15 days (Figure 4.1, black bullets). A direct comparison between 

experimental groups on the final day of training (F2,19 = 27.237, P < 0.001) indicates 

that the 30 day group performed significantly better than the 2 day and 3 day group, 

while no significant reduction was present from 2 days to 3 days. These results 

confirm that the 2 day and 3 day group represent the early learning phase, whereas the 

30 day group reflects late learning.  

3.2. Concomitant learning phase-specific changes of IEG expression in distinct 

cortico-striatal circuits enable mastering of MWM performance 

To identify learning-specific activity and plasticity changes in a variety of cortico-

striatal subregions a single-factor design was adopted in which the main effect of days 

of treatment, i.e. 2 days, 3 days or 30 days, on IEG expression was independently 

evaluated in MWM trained mice and free-swimming controls (2d_SC, n = 4; 3d_SC, n 

= 4; 30d_SC, n = 4). Free-swimming controls, who explored the same environment 

except that the hidden platform and distal cues were not present, were matched to the 

experimental groups with respect to the number of trials performed and the amount of 

time spent swimming on each trial. For each subregion, learning-specific changes in 

activity and plasticity were defined as changes in zif268 and arc expression, 

respectively, over the course of learning present in trained animals but not in free-
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swimming controls. To verify the learning phase-specific involvement of the distinct 

cortico-striatal subregions as revealed by the single-factor design, we performed 

additional comparisons (unpaired t-test) between the IEG expression levels present in 

trained and free-swimming controls at different levels of the factor days of treatment. 

If a subregion appeared to be involved predominantly during early learning, a t-test 

was performed at 3 days to compare trained and free-swimming control IEG 

expression levels (IEG expression levels never differed between 2 days trained and 

free-swimming control mice). Likewise, for subregions associated with late learning 

this type of t-test was performed at 30 days. A non-swimming caged control group 

(CC, n = 5) was also included to provide a baseline measure of IEG expression and 

subregional IEG expression patterns were only included in the results section if 

distinct from this baseline caged control expression level in one or both learning 

stage(s). Consequently, zif268 activity data are presented for all cortico-striatal 

subregions, with only preliminary data for the prelimbic and infralimbic cortex; while 

arc plasticity data are only shown for the anterior cingulate cortex and the superior 

dorsomedial striatum (see chapter 4, §3.2.2.), with no data yet concerning the 

prelimbic and infralimbic cortex.  

3.2.1 The (superior) dorsomedial and dorsolateral striatum: goal-directed versus 

habitual learning 

Zif268 expression in DMS and DLS. In the experimental groups phase-related 

contributions to spatial learning were observed in both the dorsomedial (F2,18 = 3.777, 

P = 0.043; Figure 4.2AC; Figure 4.3) and dorsolateral (F2,19 = 6.506, P = 0.007; Figure 

4.2BC; Figure 4.3) striatum, while no significant changes in the involvement of either 

subregion were present over the days of treatment in the free-swimming controls 

(DMS: F2,8 = 4.111, P = 0.059; DLS: F2,9 = 0.56, P = 0.59; Figure 4.2ABC).  

Within the early learning phase zif268 expression in both the dorsomedial (post hoc 

test: P = 0.053; Figure 4.2A) and dorsolateral striatum (post hoc test: P = 0.017; Figure 

4.2B) increased from 2 days to 3 days training. Upon extensive overtraining, zif268 

expression in the dorsomedial striatum declined significantly (post hoc test: P = 0.018; 

Figure 4.2A). Concurrently, the elevated zif268 expression level in the dorsolateral 
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striatum was sustained after 30 days of training (post hoc tests: 3d_T vs 30d_T: P = 

0.454; 2d_T vs 30d_T: P = 0.003; Figure 4.2B). Since neither of these changes in 

zif268 expression were observed in the dorsal striatum of free-swimming controls over 

the course of learning (Figure 4.2ABC), these findings suggest that both the 

dorsomedial and dorsolateral striatum contribute to task-specific early learning, 

whereas late learning is governed exclusively by the dorsolateral striatum. An 

additional t-test at 3 days could not significantly validate the involvement of the 

dorsomedial striatum in early learning (3d_T vs 3d_SC: t1,9 = 1.833, P = 0.1). 

However, similar statistical analyses for the dorsolateral striatum at 3 days (3d_T vs 

3d_SC: t1,9 = 3.082, P = 0.013) and 30 days (30d_T vs 30d_SC: t1,10 = 2.425, P = 

0.036) demonstrated a significantly higher zif268 expression level in trained versus 

free-swimming mice and therefore confirmed the engagement of this striatal subregion 

during both the early and late learning phase (Figure 4.2B).  
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◄ Figure 4.2 Zif268 expression levels in the dorsomedial (DMS) and dorsolateral (DLS) striatum 

during early and late MWM learning. A | In the experimental groups early learning was 

accompanied by a borderline significant increase in  zif268 expression, while overtraining resulted in 

reduced zif268 expression. Neither of these changes was observed in the free-swimming control 

groups over the course of treatment. B | Comparable to the dorsomedial striatum, early learning was 

associated with an increase in dorsolateral zif268 expression. During late learning this elevated 

zif268 expression level was maintained. Free-swimming controls did not display this expression 

dynamic. The task-specific involvement of this striatal subregion during both early and late learning 

was confirmed by a significant higher activity level in the trained vs free-swimming control group at 3 

and 30 days. C | Coronal sections from mice displaying zif268 expression during early and late 

learning in trained (2d_T, 3d_T and 30d_T) and free-swimming control (2d_SC, 3d_SC and 30d_SC) 

groups. The left hemisphere shows the original autoradiogram in gray scale and is matched on the 

right by its pseudo-colored counterpart. The color scale ranges from no (dark green) to maximum 

(white) signal. Dorsomedial (white selection) and dorsolateral (black selection) striatal subdivisions 

were based on known anatomical connectivity. Black and gray bars represent experimental (trained, 

T) and free-swimming control (SC) groups, respectively. Dotted line represents baseline zif268 

expression level. Error bars represent SEM. *, P < 0.05. **, P < 0.01. Black asterisks indicate a 

significant difference between T groups. Red asterisks indicate a significant difference between T and 

SC groups. 2d_T (n = 7), 2d_SC (n = 4), 3d_T (n = 7), 3d_SC (n = 4), 30d_T (n = 8), 30d_SC (n = 4) 

and CC (n = 5). 

 

Comparison of the dorsomedial and dorsolateral striatal activity in trained groups over 

training supported this hypothesis by a significant interaction (striatal subregion x days 

of training: F2,37 = 4.774, P = 0.014; Figure 4.3), indicating that the effect of different 

levels of days of training (2d, 3d or 30d) on zif268 expression depended on what level 

of striatal subregion (DMS and DLS) was present. Futhermore, no difference in zif268 

expression was observed between the dorsomedial and dorsolateral striatum within the 

2 day (post hoc test: P = 0.415) and 3 day (post hoc test: P = 0.967) group, suggesting 

both subregions are simultaneously engaged to a similar extent in the early learning 

phase. However, a pronounced higher activity level was present in the dorsolateral 

relative to the dorsomedial striatum within the 30 day group (post hoc test: P = 0.002), 

corresponding to the habitual late learning phase.  
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Figure 4.3 Zif268 expression levels in the dorsomedial versus dorsolateral striatum in experimental 

groups. During the early learning phase zif268 expression levels in the dorsomedial and dorsolateral 

striatum increased to a similar extent. Extensive training resulted in sustained dorsolateral activity 

and a concurrent drop of dorsomedial activity. This dynamic in activity is summarized in the lower 

panel. For full description of observations across the days of training see figure 4.2. In the 2 day and 

3 day group both regions show comparable expression levels. However, in the 30 day overtrained 

group the dorsolateral striatum was clearly more activated than the dorsomedial striatum. Red and 

blue bars represent dorsomedial and dorsolateral zif268 expression, respectively. Error bars 

represent SEM. **, P < 0.01. 2d_T (n = 7), 3d_T (n = 7) and 30d_T (n = 8). 

 

No significant changes in zif268 expression were observed in any of the striatal 

subregions between the free-swimming control groups (Figure 4.2A). With respect to 

the dorsomedial striatum, however, it should be noted that notwithstanding the 

differences in the mean zif268 expression levels among the free-swimming control 

groups were not pronounced enough to exclude the possibility that the difference is 

due to random sampling variability (F2,8 = 4.111, P = 0.059), zif268 expression in the 

dorsomedial striatum of free-swimming controls tended to decrease from early to late 

learning (post hoc tests: 2d_SC vs 30d_SC: P = 0.043; 3d_SC vs 30d_SC: P = 0.029).  
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Zif268 expression in superior DMS. Qualitatively, the superior part of the dorsomedial 

striatum (sDMS) could be clearly distinguished from all other subregions because of 

its particularly pronounced zif268 expression (Figure 4.4C). Noteworthy, the superior 

dorsomedial striatum is the dorsomedial subdivision that is most densely innervated by 

anterior cingulate and prelimbic efferents (Reep et al., 2003). Accordingly, activity 

changes identified in the complete dorsomedial striatum of experimental groups over 

the course of learning (Figure 4.2A; Figure 4.4A) were even more prominent in this 

superior subdivision (F2,16 = 95.959, P < 0.001; Figure 4.4B) with a steep increase in 

zif268 expression during the early learning phase (post hoc test: P < 0.001) and a 

substantial drop in activity during the late phase (post hoc test: P < 0.001). In free-

swimming controls zif268 expression in this superior part did not change within the 

early learning phase (P = 0.841; Figure 4.4A), but decreased significantly from early 

to late learning (F2,8 = 5.713, P = 0.029; post hoc tests: 2d_SC vs 30d_SC: P = 0.02; 

3d_SC vs 30d_SC: P = 0.015; Figure 4.4A), confirming the trend that was present in 

the total dorsomedial striatum. Taken together, these data support the task-specific 

involvement of the superior dorsomedial striatum during the early learning phase. An 

observation that was validated by a significant higher zif268 expression in trained 

versus free-swimming control mice at 3 days (t1,9 = 8.269, P < 0.001).  

Since zif268 expression levels in the entire dorsomedial striatum and its superior 

subdivision were also positively correlated (Pearson r = 0.7865, P < 0.0001; Figure 

4.4B), these results indicate that the activity changes in the dorsomedial striatum are 

most likely attributable to activity shifts in its superior part and analyzing the 

dorsomedial striatum as a whole most likely obscured these differences. 
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Figure 4.4 Changes in zif268 expression in the dorsomedial striatum (DMS) are attributable to its 

superior part (sDMS). A | Task-related activity changes in zif268 expression over the course of 

learning were more pronounced in the superior dorsomedial striatum compared to the total 

dorsomedial striatum (for further details on the entire dorsomedial striatum see Figure 4.2A). As such, 

early learning induced a prominent increase in zif268 expression, while the late learning phase was 

accompanied by a substantial decline. Zif268 expression in free-swimming controls did not change 

during early learning, but decreased with extensive free-swimming. The task-specific involvement of 

sDMS during early learning was confirmed by a significant higher activity level in the trained versus 

free-swimming control group at 3 days. B | Zif268 expression in the dorsomedial striatum and the 

superior dorsomedial striatum were significantly positively correlated. C | Coronal sections from mice 

displaying zif268 expression during early and late learning in trained (2d_T, 3d_T and 30d_T) and 

free-swimming control (2d_SC, 3d_SC and 30d_SC) groups. The left hemisphere shows the original 

autoradiogram in gray scale and is matched on the right by its pseudo-colored counterpart. The color 

scale ranges from no (dark green) to maximum (white) signal. Dorsomedial (white selection) and 

superior dorsomedial (black selection) striatal subdivisions are demarcated. Black and gray bars 

represent experimental (trained, T) and swimming control (SC) groups, respectively. Dotted line 

represents baseline zif268 expression. Error bars represent SEM. *, P < 0.05. ***, P < 0.001. Black 

and gray asterisks indicate a significant difference between T groups and SC groups, respectively. Red 

asterisks indicate a significant difference between T and SC groups. 2d_T (n = 7), 2d_SC (n = 4), 

3d_T (n = 7), 3d_SC (n = 4), 30d_T (n = 8), 30d_SC (n = 4) and CC (n = 5). 
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3.2.2 Interaction between the anterior cingulate and prelimbic prefrontal cortices 

and the (superior) dorsomedial striatum: goal-directed learning 

Based on prior knowledge of the associative cortico-striatal circuit (see chapter 1 p 32) 

in which afferent projections from the medially located prefrontal cortex, more 

specifically the anterior cingulate (aCC) and prelimbic (PL) cortices, innervate the 

dorsomedial striatum and particularly its superior subdivision (Reep et al., 2003), 

activity levels in these cortical regions were analyzed over the course of learning. 

 Anterior cingulate cortex 

Zif268 expression. Despite the fact that we can not exclude the possibility that the 

difference in zif268 expression is due to random sampling variability (T: F2,19 = 2.581, 

P = 0.102; SC: F2,9 = 4.073, P < 0.055), zif268 expression levels tended to decrease in 

both experimental (post hoc tests: 3d_T vs 30d_T: P = 0.037) and free-swimming 

control (post hoc tests: 2d_SC vs 30d_SC: P = 0.034; 3d_SC vs 30d_SC: P = 0.037) 

groups upon overtraining. This observation, albeit not significant, suggests a potential 

role for the anterior cingulate cortex during early learning irrespective of the treatment 

group they belong to, i.e. experimental or free-swimming control. Even though the 

increase in zif268 expression from the 2 day to 3 day experimental group relative to 

free-swimming controls was not significant (post hoc test: P = 0.155), zif268 

expression at 3 days was significantly higher in trained animals compared to free-

swimming controls (t1,9 = 4.618, P = 0.001; Figure 4.5A). This dynamic in activity was 

comparable to the (superior) dorsomedial striatum (Figure 4.2A; Figure 4.4A), an 

observation that was supported by a significant positive correlation between zif268 

expression levels in the superior dorsomedial striatum and the anterior cingulate cortex 

were (Pearson r = 0.6919, P = 0.001; Figure 4.5B).  Combined, these findings indicate 

that the anterior cingulate cortex could be involved during the goal-directed task-

specific early learning phase as part of the associative cortico-striatal circuit. 
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Figure 4.5 Zif268 expression patterns in the anterior cingulate cortex (aCC) and the superior 

dorsomedial striatum (sDMS) exhibit a similar trend. A | Even though no significant learning-

specific changes in zif268 expression were present during the early learning phase, zif268 expression 

levels at 3 days were significantly higher due to learning compared to free-swimming. In the 

experimental and free-swimming control groups the transition from early to late learning tended to be 

associated with a decrease in zif268 expression. B | Zif268 expression levels in the superior 

dorsomedial striatum and the anterior cingulated cortex were positively correlated. C | Coronal 

sections from mice displaying zif268 expression during early and late learning in trained (2d_T, 3d_T 

and 30d_T) and free-swimming control (2d_SC, 3d_SC and 30d_SC) groups. The left hemisphere 

shows the original autoradiogram in gray scale and is matched on the right by its pseudo-colored 

counterpart. The color scale ranges from no (dark green) to maximum (white) signal. Superior 

dorsomedial striatum (white selection) and anterior cingulated cortex (black selection) are 

demarcated. Black and gray bars represent experimental (trained, T) and swimming control (SC) 

groups, respectively. Dotted line represents baseline zif268 expression. Error bars represent SEM. **, 

P < 0.01. Red asterisks indicate a significant difference between T and SC groups. 2d_T (n = 7), 

2d_SC (n = 4), 3d_T (n = 7), 3d_SC (n = 4), 30d_T (n = 8), 30d_SC (n = 4) and CC (n = 5). 
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Arc expression. Remarkably, exclusively in the superior dorsomedial striatum (T: F2,18 

= 7.554, P = 0.004; SC: F2,9 = 7.23, P = 0.013; Figure 4.6A) and the anterior cingulate 

cortex (T: F2,18 = 12.464, P < 0.001; SC: F2,9 = 40.196, P < 0.001; Figure 4.6C) arc 

expression (neuronal plasticity) was upregulated above baseline caged control level, 

allowing us to scrutinize the potential learning-specific interaction between these 

subregions as hypothesized by orchestrated changes in zif268 expression levels 

(neuronal activity) across these regions.  
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◄ Figure 4.6 Arc expression levels in the superior dorsomedial striatum (sDMS) and the anterior 

cingulate cortex (aCC) operate in tandem. A | During the early learning phase arc expression in the 

superior dorsomedial striatum of trained mice was upregulated, albeit borderline significant, while 

extensive training resulted in a decreased arc expression level. Free-swimming controls only showed a 

reduction in arc expression from the early to the late phase. At 3 days, arc expression in trained mice 

was significantly higher than in free-swimming controls. B | Zif and arc expression levels within the 

superior dorsomedial striatum were positively correlated. C | Arc expression in the anterior cingulate 

cortex increased from 2 day to 3 day experimental group and decreased upon overtraining. In free-

swimming controls a reduction in arc expression was present from the early to the late phase. At 3 

days, trained mice demonstrated significantly higher arc expression compared to free-swimming 

controls. D | Arc expression levels in the anterior cingulate cortex and the superior dorsomedial 

striatum are positively correlated. E | Arc expression levels in the anterior cingulate cortex and 

superior dorsomedial striatum of trained mice simultaneously increased during the early learning 

phase and decreased concurrently after extended training. This dynamic in activity is summarized in 

the lower panel. For full description of observations across the days of training see panel AC. Black 

and gray bars represent experimental (trained, T) and free-swimming control (SC) groups, 

respectively. Red and blue bars represent arc expression in the superior dorsomedial striatum and 

anterior cingulate cortex in trained mice, respectively. Dotted line represents baseline arc expression 

level. Error bars represent SEM.  **, P < 0.01. ***, P < 0.001. Black and gray asterisks indicate a 

significant difference between T groups and SC groups, respectively. Red asterisks indicate a 

significant difference between T and SC groups. 2d_T (n = 7), 2d_SC (n = 4), 3d_T (n = 7), 3d_SC (n 

= 4), 30d_T (n = 8), 30d_SC (n = 4) and CC (n = 5). 

 

Similar to zif268 expression dynamics in the superior dorsomedial striatum (Figure 

4.4A), arc expression in this region (Figure 4.6A) was upregulated during early 

learning (post hoc test 2d_T vs 3d_T: P = 0.07) in the experimental groups, a dynamic 

that was not present in the free-swimming controls (post hoc test 2d_SC vs 3d_SC: P = 

0.128). As a result, arc expression at 3 days was significantly higher in trained animals 

compared to free-swimming controls (t1,9 = 4.915, P < 0.001; Figure 4.6A). Upon 

overtraining, both experimental (post hoc tests: 2d_T vs 30d_T: P = 0.004; 3d_T vs 

30d_T: P = 0.063) and free-swimming control (post hoc test 2d_SC vs 30d_SC: P = 

0.004) mice were characterized by a drop in arc expression (Figure 4.6A). The 

similarities between the arc and zif268 expression patterns in the superior dorsomedial 

striatum were confirmed by a positive correlation (Pearson r = 0.6473, P = 0.0011; 



Cortico-striatal contributions to early and late spatial learning 

 

88 

 

Figure 4.6B). Likewise, analysis of arc expression in the anterior cingulate cortex 

(Figure 4.6C) showed an increase from 2 days to 3 days in trained mice (P = 0.007) 

that was absent in free-swimming controls (post hoc test 2d_SC vs 3d_SC: P = 0.118), 

resulting in significantly higher arc expression levels in trained compared to free-

swimming control mice at 3 days (t1,9 = 5.165, P < 0.001; Figure 4.6C). Arc expression 

declined towards the late phase in both trained (post hoc test 3d_T vs 30d_T: P < 

0.001) and free-swimming controls (post hoc tests: 2d_SC vs 30d_SC and 3d_SC vs 

30d_SC: P < 0.001). A significant positive correlation (Pearson r = 0.8076, P < 

0.0001; Figure 4.6D) confirmed the hypothesis that both areas operate in tandem as 

part of a unitary circuit (Figure 4.6E). 

 

In the superior dorsomedial striatum (Pearson r = 0.8418, P = 0.0175; Figure 4.7A), 

but not in the anterior cingulate cortex (Pearson r = 0.2752, P = 0.5503; Figure 4.7B) 

arc expression levels in the 3 day experimental group were positively correlated with 

proficiency in task performance expressed in terms of escape latency. No significant 

correlations between arc expression and behavioral performance were found for either 

region at 2 and 30 days.  

 
 

 

Figure 4.7 Levels of arc expression in the superior dorsomedial striatum (sDMS) correlated with 

behavioral performance during the early learning/acquisition phase of spatial learning. A | Arc 

expression levels in the superior dorsomedial striatum of the 3d_T group (n=7) were positively 

correlated with the time required to mount the hidden platform, i.e. escape latency (s). Slower learners 

demonstrated higher arc expression levels compared to fast learners. B | No correlation existed 

between arc expression levels and escape latency in the anterior cingulate cortex. 
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Together, these results indicate a task-specific contribution of the superior dorsomedial 

striatum after the onset of early spatial learning, but meanwhile suggest a more general 

involvement of the anterior cingulate cortex in this early learning phase. The positive 

correlation of arc expression with individual task performance in the superior 

dorsomedial striatum shows that mice that were slower learners within the early 

learning phase expressed higher levels of arc than mice that acquired the correct 

behavioral response more rapidly and required less additional plasticity (Figure 4.7A).  

 

 Prelimbic cortex  

Next to projections from the anterior cingulate cortex, the dorsomedial striatum is 

densely innervated by the prelimbic cortex. To evaluate activity levels in this more 

rostral region of the prefrontal cortex, the Morris water maze experiment was repeated 

for a limited number of conditions (no 2 days), with 3 days (3d_T: n = 7; 3d_SC: n = 

7; early learning phase), 30 days (30d_T: n = 7; 30d_SC: n = 7; late learning phase), 

and caged controls (CC: n = 7). Here we present preliminary data including four 

subjects for each condition. Since variation between different subjects was comparable 

to within-subject variation, we opted to include the different sections per mouse (n ≤ 

3) as independent values. Zif268 expression decreased in both treatments from early to 

late learning to a similar extent (T: t1,18 = 4,136, P < 0.001; SC: t1,20 = 4.520, P < 

0.001; Figure 4.8AB). However, the prelimbic cortex was consistently more activated 

in experimental than free-swimming control groups (3d_T vs 3d_SC: t1,19 = 3.738, P = 

0.001; 30d_T vs 30d_SC: t1,19 = 9.084, P < 0.001; Figure 4.8AB).  
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◄ Figure 4.8 Zif268 expression levels in the prelimbic cortex (PL). A | Overtraining in the prelimbic 

cortex is accompanied by a general decrease in zif268 expression for both experimental and free-

swimming mice, with a consistently higher activation in trained relative to free-swimming controls. B | 

Coronal sections from mice displaying zif268 expression during early and late learning in trained 

(3d_T and 30d_T) and free-swimming control (3d_SC and 30d_SC) groups. The left hemisphere shows 

the original autoradiogram in gray scale and is matched on the right by its pseudo-colored 

counterpart. The color scale ranges from no (dark green) to maximum (white) signal. Prelimbic cortex 

is delineated in black. Black and gray bars represent experimental (trained, T) and swimming control 

(SC) groups, respectively. Dotted line represents baseline zif268 expression. Error bars represent 

SEM. **, P < 0.01. ***, P < 0.001. Black and gray asterisks indicate a significant difference between 

T groups and SC groups, respectively. Red asterisks indicate a significant difference between T and 

SC groups. 3d_T (n = 4), 3d_SC (n = 4), 30d_T (n = 4), 30d_SC (n = 4) and CC (n = 4). 

 

We found the same dynamic in activition in the (superior) dorsomedial striatum 

(Figure 4.9), a striatal subregion we previously showed to be positively correlated with 

the medial prefrontal anterior cingulate cortex (Figure 4.5B; Figure 4.6D). 

 

 

 

Figure 4.9 Zif268 expression levels in the prelimbic cortex (PL) and superior dorsomedial striatum 

(sDMS). Similar to the anterior cingulate cortex (3d_T, n=7; 30d_T, n=8), the prelimbic cortex (3d_T 

or EL_T, n=4; 30d_T or OT_T, n=4) follows the same expression pattern as the superior dorsomedial 

striatum. This dynamic in activity is summarized in the lower panel. Red and blue bars represent 

zif268 expression in the superior dorsomedial striatum and prelimbic cortex in trained mice, 

respectively. Error bars represent SEM.    
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3.2.3 Interaction between the infralimbic prefrontal cortex and the dorsolateral 

striatum: habitual learning  

To date, no clear evidence exists of direct anatomical connections between the 

dorsolateral striatum and the infralimbic cortex. However, due to the fact that lesion 

studies have implicated the infralimbic cortex - like the dorsolateral striatum - in 

habitual learning we determined zif268 expression in this rostral medial prefrontal 

area. In both experimental and free-swimming control groups zif268 expression in the 

infralimbic cortex did not change between 3 and 30 days of treatment (T: T1, 19 = 

1.246, P = 0.228; SC: T1, 21 = 0.874, P = 0.392; Figure 4.10AB) and was higher in 

trained compared to free-swimming control mice (3d_T vs 3d_SC: t1,19 = 2.200, P = 

0.04; 30d_T vs 30d_SC: t1,21 = 1.962, P = 0.063; Figure 4.10AB).  

 

 

 

Figure 4.10 Zif268 expression levels in the infralimbic cortex (IL). A | Extensive training in the 

infralimbic cortex is accompanied by a general decrease in zif268 expression for both experimental 

and free-swimming mice, with a consistently higher activation in trained relative to free-swimming 

control mice. B | Coronal sections from mice displaying zif268 expression during early and late 

learning in trained (3d_T and 30d_T) and free-swimming control (3d_SC and 30d_SC) groups. The 

left hemisphere shows the original autoradiogram in gray scale and is matched on the right by its 

pseudo-colored counterpart. The color scale ranges from no (dark green) to maximum (white) signal. 

Infralimbic cortex is delineated in black. Black and gray bars represent experimental (trained, T) and 

swimming control (SC) groups, respectively. Dotted line represents baseline zif268 expression. Error 

bars represent SEM. *, P < 0.05. Red asterisks indicate a significant difference between T and SC 

groups. 3d_T (n = 4), 3d_SC (n = 4), 30d_T (n = 4), 30d_SC (n = 4) and CC (n = 4). 
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This sustained elevated expression level from the 3 day to the 30 day experimental 

group was also detected in the dorsolateral striatum (Figure 4.2B; Figure 4.9B), 

supporting a possible cooperation between these two areas (Figure 4.11).   

 

 

 

 

Figure 4.11 Zif268 expression levels in the infralimbic cortex (PL) and dorsolateral striatum (DLS). 

In trained animals the infralimbic cortex (3d_T or EL_T, n=4; 30d_T or OT_T, n=4) and dorsolateral 

striatum (3d_T, n=7; 30d_T, n=8) exhibit the same expression pattern from early to late learning. 

This dynamic in activity is summarized in the lower panel. Red and blue bars represent zif268 

expression in dorsolateral striatum and infralimbic cortex in trained mice, respectively. Error bars 

represent SEM.  
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4. Discussion 

In this chapter we systematically examined the neuronal activity and plasticity in 

distinct cortical and subcortical regions of the mouse brain during performance of the 

Morris water maze what is typically considered an instrumental behavioral task, since 

a particular outcome, i.e. the hidden escape platform, is contingent on a certain 

response, i.e. traversing a water maze. By chronically tracking neuronal activity in 

these regions a priori thought to be engaged in spatial learning, we sought to visualize 

the learning phase-specific contribution of each of these regions. Our findings in the 

intact mouse brain demonstrate that the (superior) dorsomedial striatum and the 

anterior cingulate and prelimbic medial prefrontal cortices, contribute almost 

exclusively to the initial acquisition phase. Concurrently, the dorsolateral striatum and 

the infralimbic area of the medial prefrontal cortex gain activity during this early 

learning phase. Moreover, their elevated activity levels are maintained after transition 

to the late learning phase. 

4.1. The hippocampus and (superior) dorsomedial striatum versus the dorsolateral 

striatum: goal-directed versus habitual learning 

4.1.1. The (superior) dorsomedial striatum versus the dorsolateral striatum: goal-

directed versus habitual learning 

Our finding that the dorsal striatum, i.e. both the dorsomedial and dorsolateral 

subdivision, is active during the early learning phase of the hidden platform version of 

the water maze clearly challenges the multiple parallel memory systems theory. 

Compelling evidence for the existence of multiple parallel memory systems in spatial 

learning is provided by an array of maze studies using inactivation techniques in 

combination with a place/response competition/choice procedure (Packard and 

McGaugh, 1992, 1996; McDonald and White, 1993; Packard and Knowlton, 2002; 

White and McDonald, 2002; Poldrack and Packard, 2003; Squire, 2004). One of the 

most influential and oft-cited studies in favor of this theory is that by Packard and 

McGaugh (1996) using a cross maze task in which rats were trained to enter the same 

baited arm (west) by approaching this maze arm from the same start box on each trial 
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(south). Following training rats were given a probe trial in which they were placed in 

the start box opposite to that used during training (north). On the probe trial, rats that 

entered the west arm (i.e. the spatial location where food was located during training) 

were designated place learners, and rats that entered the east arm (i.e. make the same 

body turn response that had been reinforced during training) were designated response 

learners. On an initial probe trial given early in training, rats receiving intra-caudate or 

intra-hippocampal infusions of saline were predominantly place learners. Rats 

receiving intra-caudate infusions of lidocaine (in order to produce neural inactivation) 

were also place learners on this initial probe trial, whereas intra-hippocampal infusions 

of lidocaine blocked the expression of place learning. With extended training in this 

cross maze task, administration of a second probe trial revealed that saline-infused rats 

switch from place learning to response learning. On this second probe trial rats 

receiving intra-hippocampal lidocaine were also response learners. In contrast, rats 

receiving intra-caudate lidocaine prior to the second probe trial exhibited place 

learning, demonstrating a blockade of the expression of response learning. Hence, if 

both systems can each provide an adequate navigation strategy, the main conclusions 

from this experiment substantiating the multiple parallel memory systems theory are 

(1) place and response learning are mediated by the hippocampus and dorsal striatum, 

respectively; (2) rats acquired hippocampus-dependent place learning faster (first 

probe trial) and then switched to dorsal striatum-dependent response learning with 

more extensive training (second probe trial); (3) response learning occurred in parallel 

of place learning, since inactivation of the hippocampus before the first probe trial 

produced a higher rate of response learning; (4) the switch to response learning upon 

overtraining did not remove place learning, since inactivation of the dorsal striatum 

before the second probe trial resulted in the reinstatement of place learning. When rats 

performed a version of the water maze designed to test for a preference between 

previously learned response-based and place-based strategies, a similar dissociation 

between hippocampus and dorsal striatum was found (McDonald and White, 1994). 

Thus, according to the multiple parallel memory systems theory the hippocampal and 

dorsal striatal memory system operate simultaneously and disrupting activity in either 

structure results in compensatory action of the other system, i.e. behavior is biased by 
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the type of information processed by the intact system. Furthermore, this theory posits 

a timeline for the use of multiple memory systems, i.e. early goal-directed learning is 

mediated by the hippocampal system, while with extended training the dorsal striatum 

comes to guide automated learned behavior. While this timeline for the use of multiple 

memory systems at first appears in stark contrast to our finding of striatal activity in 

the early learning phase, a critical detail often overlooked in the studies mentioned 

above is that lesions were mostly confined to the dorsolateral striatum, implicating that 

this particular striatal subdivision and therefore not automatically the dorsal striatum 

as a whole is engaged in response-based learning.  

So what about the dorsomedial striatum?  

Yin and Knowlton (2004, 2006) repeated the cross maze experiment with lesions 

localized in either the dorsomedial or dorsolateral striatum. As previously 

demonstrated, sham controls displayed a place-based navigation strategy during the 

initial acquisition phase, with extended training resulting in the use of the more 

habitual response strategy. Lesions of the dorsolateral striatum prior to the first and 

second probe trial facilitated place learning compared to the sham group. Especially 

during the late learning phase, this observation suggested that normal response 

learning as present in the sham animals was impaired. Remarkably, subjects with 

lesions in the dorsomedial striatum differed from the sham control group because they 

predominantly displayed a response navigation strategy during the early learning 

phase, suggesting that goal-directed place learning was impaired. Furthermore, water 

maze experiments by Devan et al. with selective dorsomedial and dorsolateral striatal 

lesions were consistent with the findings of the cross maze experiment (Devan et al., 

1996; Devan and White, 1999; Devan et al., 1999). Notably, the effect of hippocampal 

inactivation on place/response competition/choice in the cross (Packard and McGaugh, 

1996) and water (McDonald and White, 1994) maze was similar to that of dorsomedial 

striatal lesions (Devan and White, 1999; Devan et al., 1999; Yin and Knowlton, 2004, 

2006). Also, neuronal activity correlated with outcome expectancy (Yin et al., 2004), a 

fundamental feature of goal-directed learning, was found in the dorsomedial striatum, 

but not dorsolateral striatum. With respect to the dorsal striatum, the aforementioned 
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findings indicated that the traditional view of the multiple parallel memory systems 

theory was in need of revision. A revised theory currently adopted posits that the 

dorsomedial striatum, like the hippocampus, contributes to cognitive goal-directed 

early learning (see chapter 4, §4.1.2.). In contrast, the dorsolateral striatum mediates 

habitual stimulus-response guided behavior, a function previously attributed to the 

entire dorsal striatum. These roles are consistent with the anatomical connection 

patterns, with the dorsomedial striatum receiving input from the hippocampus and 

prefrontal cortex and the dorsolateral striatum receiving afferents from the 

sensorimotor cortex (McGeorge and Faull, 1989). Here we extend this line of evidence 

by demonstrating that in accordance with the timeline suggested by the revised 

multiple memory systems theory the dorsomedial striatum contributes to the early 

learning phase of a unitary spatial learning process in the intact mouse brain, while the 

dorsolateral striatum was active during late learning. Our findings are an important 

extension of the aforementioned studies, since most of the work to date investigating 

the multiple memory systems hypothesis has used maze tasks which require a choice 

between behavioral strategies when part of the brain is lesioned and as such can not 

distinguish between normal or compensatory activation of the remaining intact brain 

structure. While this approach is useful for identifying double dissociations, it is 

limited to the study of behavior that is produced by an impaired memory system. The 

IEG expression pattern we observed in the dorsomedial and dorsolateral striatum 

resulted from behavior produced by fully intact memory systems, excluding the 

possibility of visualizing compensatory activation, and therefore provides a 

complementary and indispensable form of evidence to the aforementioned lesion 

work. 

Dorsolateral activity, however, although typically associated with habitual or 

automatized behavior (Jog et al., 1999; Yin and Knowlton, 2004, 2006; Tricomi et al., 

2009; Balleine and O'Doherty, 2010; Redgrave et al., 2010) was not restricted to the 

late learning phase, but already emerged during early learning to a similar extent as the 

dorsomedial striatum.  



Chapter 4 

97 

 

This observation raised the question whether the dorsomedial and dorsolateral striatal 

subdivisions both contributed to the early learning phase and what the functional 

specificity was of each subregion?  

Concurrent in vivo extracellular recordings of the activity in task-related dorsomedial 

and dorsolateral medium spiny neurons during motor skill learning showed that the 

proportion of dorsomedial task-related neurons in which the firing rate was 

significantly increased during task performance increased during the early learning 

phase, but returned to naïve levels with further training (Yin et al., 2009). Conversely, 

the firing rate of dorsolateral medium spiny neurons increased gradually during task 

performance over the course of learning, already initiating within the early learning 

phase (Yin et al., 2009). In the same study, the effect of selective dorsomedial and 

dorsolateral lesions on the different phases of motor skill learning was assessed. 

Lesions of the dorsomedial striatum reduced performance specifically during the early 

learning phase and no longer impaired performance after extended training. Lesions of 

the dorsolateral striatum affected performance during early learning and continued to 

impair performance during the late learning phase. Yin et al. (2009) also examined the 

amplitude of the evoked dorsomedial and dorsolateral striatal field potential using an 

ex vivo input-output analysis to investigate whether the region-specific changes 

observed in vivo were driven by changes in synaptic plasticity or excitability. The 

average population spike amplitude in the dorsomedial striatum declined after 

extended training, while the average population spike amplitude in the dorsolateral 

striatum increased with training. Comparison of the amplitude of the half maximal 

evoked response was equally large in the two striatal subdivisions during early 

learning, whereas the half maximal response amplitude was higher in the dorsolateral 

compared to the dorsomedial striatum after extended training. Several lesion studies 

have shown that inactivation of the dorsomedial striatum during early learning 

resulted in a switch from goal-directed to habitual control (Devan et al., 1999; Devan 

and White, 1999; Yin and Knowlton, 2004, 2005a,b, 2006), the latter being 

functionally assigned to the dorsolateral striatum (Yin et al., 2004). Combined, these 

experimental data indicate a similar trend compared to our data with the dorsolateral 

striatum not exclusively activated after extended training, but rather a conjoint 
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activation with the dorsomedial striatum already during early learning. Recently, 

Thorn et al. (2010) determined the differential dynamics of activity changes in the 

dorsomedial and dorsolateral striatum over time using a complex T-maze task 

instructed by auditory and tactile cues. This spatial learning task was designed to 

require not only skilled motor performance through a motor skill learning process (Yin 

et al., 2009), but also flexible navigation based on distinct sensory cues (auditory 

and/or tactile) signaling the baited end-arm, thus taxing both sensorimotor and 

cognitive circuitry. Task-related dorsomedial and dorsolateral neurons concurrently 

developed contrasting patterns of structured ensemble activities during task 

performance, with dorsomedial and dorsolateral striatal ensemble activity strongest 

mid-run (at decision points when animals had to choose between alternate actions 

based on instruction cues) and at action boundaries (trial start, goal reaching and turn), 

respectively. Also, the dynamic of these subdivision-specific ensemble activities was 

different throughout the course of learning. Spike activity of the dorsomedial striatum 

was highest during the period in training when behavioral performance improved most 

rapidly, i.e. early or new learning, while dorsolateral spike activity became 

progressively stronger as the percent correct performance improved, i.e. 

habitual/procedural late learning. Notably, this dorsolateral patterned activity already 

emerged early during training before behavioral performance became asymptotic. 

Thus, rather than a strictly sequential dynamic between the dorsomedial and 

dorsolateral striatum over time, functionally distinct processes in these striatal 

subdivisions appear to develop in parallel, and not serially (Yin et al., 2009, Thorn et 

al., 2010).  Since water maze navigation in our experimental setup is also a navigation-

based instrumental learning paradigm, we suggest by extension that the conjoint 

activity in both regions during early learning is also an indication of concurrently 

developing distinct navigation strategies, i.e. map-based goal-directed learning (action-

outcome learning) and habitual response learning (stimulus-response learning). As 

such, the instrumental outcome (hidden platform) has two distinct functions serving 

both as a (1) reward/goal as part of the action-outcome association mediated by the 

cortico-striatal circuit involving the dorsomedial striatum underlying goal-directed 

learning, and as a (2) reinforcement signal for the association between the action and 
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antecedent stimuli in habitual learning mediated by the cortico-striatal circuit 

involving the dorsolateral striatum (Balleine et al., 2009).  

If both systems develop in parallel during early learning, how are they interacting to 

control behavior?  

Analyses of the behavioral strategies employed over the course of learning indicated 

that the dorsomedial striatum controlled behavior early in learning, while the 

dorsolateral striatum controlled habitual behavioral performance (Packard and 

McGaugh, 1996; Devan and White, 1999; Devan et al., 1999; Yin and Knowlton, 

2004, 2006; Yin et al., 2009; White, 2009). Moreover, damage to the dorsomedial 

striatum rendered otherwise goal-directed actions habitual, whereas damage to the 

dorsolateral striatum rendered otherwise habitual actions goal-directed (Balleine et al., 

2009). So, both systems seem to interact dynamically and compete for control. The 

fact that we found a significant positive correlation between behavioral task 

proficiency, i.e. escape latency or trial time, and arc expression levels visualizing 

learning-induced synaptic plasticity in the dorsomedial but not dorsolateral (data not 

shown) striatum during early learning, confirmed that task acquisition in the intact 

mouse brain was most likely controlled by the cognitive cortico-striatal circuit 

including the dorsomedial striatum. Though, we need to mention that arc might not be 

the most suitable IEG to visualize synaptic plasticity in the dorsolateral striatum, as 

expression levels in experimental groups did not exceed baseline expression in caged 

controls and no difference was detected between early and late learning; whereas 

lesion (Devan et al., 1999; Yin and Knowlton, 2004, 2006; Yin et al., 2005a,b; Yin et 

al., 2006), electrophysiology (Barnes et al., 2005) and H1a brain imaging (Hernandez 

et al., 2006) studies clearly demonstrated enhanced dorsolateral involvement during 

late habitual performance. In support of this hypothesis, Kelly and Deadwyler (2002, 

2003) also reported no striatal difference in arc expression between pseudotrained, 

newly trained and overtrained animals, while in other regions arc expression in newly 

trained animals did differ from pseudo- and overtrained rats. 
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If the less energy consuming response strategy is already operational during early 

learning, why is it not controlling behavior?   

We suggest that a plausible explanation lies in the fact that the formation of stimulus-

response associations in the dorsolateral striatum is a slow and more gradual process 

compared to the rapid acquisition of action-outcome associations in the dorsomedial 

striatum and their respective loops (Yin et al., 2009). So, even though the formation of 

stimulus-response associations already initiated during early learning it was not 

driving behavior. Accordingly, Yin and Knowlton (2004) demonstrated that 

inactivation of the dorsolateral striatum before the first probe trial, representative for 

early learning, did not result in significantly enhanced use of the place strategy 

compared to sham controls. In the same study, however, lesions of the dorsomedial 

striatum during early learning did result in enhanced habitual response behavior, 

showing that if necessary these premature stimulus-response associations can already 

guide task performance. However, in accordance with the multiple memory systems 

theory we suggest that dorsomedial control during early learning is the default mode of 

the intact brain. Thorn et al. (2010) propose that even if the dorsolateral striatum could 

have directed behavior from early in learning, dorsolateral activity was able to gain 

access to such executive capacity only after activity in the cognitive cortico-striatal 

circuit involving the dorsomedial striatum subsided. As to when activity in the 

dorsomedial striatum diminished, they stated that after new learning and strategy 

encoding had finished and all aspects of the task were mastered dorsolateral control 

could set in and take over behavioral performance. So, the dorsomedial striatum has a 

permissive role to the dorsolateral striatum in the evolution of instrumental behavior 

from goal-directed to towards habitual performance. This permissive role of the goal-

directed response system is even apparent under normal circumstances in everyday 

life. For example, while driving on a freeway when, after a period of carefree, 

apparently cognitively disconnected driving we see a police car approaching in the 

rearview mirror. Do we carry on driving in such a carefree manner? Not likely; even if 

we are within the speed limit and generally obeying the rules of the road, our vigilance 

is increased and our driving becomes more deliberated; the habit has been suppressed 

and goal-directed control has been reinstated (Balleine et al., 2009). 
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4.1.2. The hippocampus and (superior) dorsomedial striatum: goal-directed learning 

With respect to the hippocampus, a detailed discussion regarding our findings of 

subregion-specific hippocampal involvement during early and late water maze 

performance is provided in chapter 3. Based on those results we will focus on CA1, 

and not CA3, in relation to spatial reference learning and the multiple memory systems 

theory discussed in the current chapter. Even though CA1 was activated over the entire 

course of learning as demonstrated by consistently upregulated expression of the 

regulatory IEG zif268, we found that particularly during early learning effector IEG 

(Homer1a) expression levels were correlated with task proficiency. These data support 

the parallel memory systems theory stating that the hippocampus is crucial for the 

acquisition (early learning phase) of the hidden platform version of the water maze. 

Likewise, our results reported in the current chapter suggest that the dorsomedial 

striatum as part of the cortico-striatal circuit innervated by several meso- and 

allocortical areas including the hippocampus, is simultaneously involved in the 

acquisition of the hidden platform version of the water maze.  

If both the hippocampus and the dorsomedial striatum are part of the same goal-

directed circuit, what are their respective functions in relation to spatial learning and 

how do they interact?  

A wide range of studies have demonstrated that damage to the hippocampal system 

results in impaired performance of tasks that require the use of the relations between 

ambient distal stimuli to locate a particular goal in space. One such task is the hidden 

platform or spatial version of the water maze (Morris et al., 1982). Lesions of the 

fornix/fimbria (Nilsson et al., 1987; Eichenbaum et al., 1990; Whishaw et al., 1995), 

the subiculum/entorhinal cortex (Morris et al., 1990) and the hippocampus proper 

(Morris et al., 1982; Sutherland et al., 1982; Sutherland et al., 1983; Morris et al., 

1990) impair acquisition of the place task but spare acquisition and retention of non-

allocentric cue tasks. Okiachi (1987) has found a similar pattern of impaired/spared 

performance of rats with dorsal hippocampal lesions on the elevated T-maze. 

Furthermore, bilateral damage to the dorsomedial striatum or the hippocampus was 

shown to produce similar behavioral deficits in the place/response competition/choice 
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water maze procedure, i.e. impaired place navigation and enhanced response 

navigation (McDonald and White, 1994; Devan et al., 1996, 1999). However, when no 

alternative strategy (response navigation/visible platform) was available and the 

hidden platform provided the only possible solution to the task, a crucial difference 

between both structures became apparent: hippocampal lesions completely blocked 

spatial learning and dorsomedial striatal lesions produced only a transient deficit 

(Devan and White, 1999). Accordingly, it was suggested that the hippocampus, and 

not the dorsomedial striatum, was essential for the acquisition of spatial/cognitive 

information. Electrophysiological studies also demonstrated that the dorsomedial 

striatum makes use of hippocampal inputs without performing similar information 

processing (DeCoteau et al., 2007; Berke et al., 2009; Retailleau et al., 2011).  

If not the acquisition of spatial information, then what is the function of the 

dorsomedial striatum in spatial learning?  

In general, the dorsomedial striatum has been identified as an essential substrate for 

the acquisition, expression and flexibility of action-outcome contingencies that 

subserve goal-directed actions (Yin and Knowlton, 2006; Yin et al., 2005a,b; Balleine 

and O’Doherty, 2010; Braun and Hauber, 2011; Lex et al., 2011). Indeed, both pre- 

and post-training lesions, muscimol-induced inactivation, and the infusion of the 

NMDA-antagonist AP5 within the dorsomedial striatum abolished goal-directed 

learning and therefore suggest that the dorsomedial striatum is the locus of action-

outcome encoding and consolidation (Yin and Knowlton, 2006; Balleine et al., 2007; 

Balleine et al., 2009; Balleine and O’Doherty, 2010). In relation to spatial learning, the 

effect of bilateral lesions of the dorsomedial striatum revealed an impairment (1) in the 

ability to learn the initiation of the appropriate response (goal-directed action), i.e. 

swimming to the hidden platform, based on cognitive information of the environment 

presumably derived from the hippocampus (Whishaw, 1987; Devan et al., 1996, 

1999); and in (2) reversal learning  providing evidence for a role in behavioral 

flexibility (Ragozzino et al., 2002; Ragozzino and Choi, 2004; Braun and Hauber, 

2011). Several tracer studies (Groenewegen et al., 1987, 1990; McGeorge and Faull, 

1989; Devan and White, 1999) indeed confirmed the existence of multiple (in)direct 
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functional links from the hippocampal system to the dorsomedial striatum. Crossed 

unilateral disconnection lesions of the hippocampus and dorsomedial striatum, but not 

unilateral hippocampal or dorsomedial striatal lesions, impaired place navigation in the 

place/response competition/choice procedure. These findings were similar to bilateral 

hippocampal or dorsomedial striatal damage, and therefore provided compelling 

evidence for the serial and cooperative interaction between both structures by 

(in)direct ipsilateral connections (Devan and White, 1999; Devan et al., 1999; Lex et 

al., 2011). The involvement of the dorsomedial striatum in goal-directed spatial 

learning is supported by the presence of neurons with location-specific firing and 

head-direction neurons (Wiener, 1993; Yin and Knowlton, 2006). Also, neurons in the 

dorsomedial striatum are most active during maze navigation at decision making 

locations, at reward locations, and at the location of cues predicting reward delivery 

(Berke et al., 2009; van der Meer et al., 2010), while hippocampal neurons usually 

represent a single location in space (place field). Therefore, the dorsomedial striatum 

appears to encode environmental information relevant to the successful outcome of a 

task that results in immediate or delayed reward. Thus, as the hippocampus is crucial 

for the acquisition of spatial information about the goal location in relation to 

environmental stimuli, the dorsomedial striatum determined the course of action that 

leads to that particular goal location.  

4.2. Interaction between the anterior cingulate and prelimbic prefrontal cortices and 

the (superior) dorsomedial striatum: goal-directed learning 

In the context of goal-directed behavior, research has highlighted the role of the 

prefrontal cortex in several executive functions such as the control and organization of 

goal-directed behavior (Watanabe, 1996; Tremblay and Schultz, 1999), the monitoring 

of ongoing voluntary action sequences (Gehring and Knight, 2000) and the planning 

and selection of appropriate actions based on anticipated reward (Rowe et al., 2000). 

In the context of spatial learning, more specifically the hidden-platform version of the 

water maze, lesion studies have yielded contradicting results concerning the 

involvement of the medial prefrontal cortex. De Bruin et al. (1994, 1997, 2001) found 

no impairments in spatial task performance in rats with prefrontal lesions, while Kolb 
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and colleagues amongst others clearly found deficits in learning the location of the 

hidden platform (Kolb et al., 1982, 1983, 1994). The rodent medial prefrontal cortex is 

a cytoarchitectural heterogenous structure (Franklin and Paxinos, 2008; Van De Werd 

et al., 2010; Paulussen et al. 2011) comprising the prelimbic, infralimbic and anterior 

cingulate cortices. Moreover, these distinct prefrontal subregions are differentially 

innervated, implying functional differences (Groenewegen et al., 1990; de Bruin et al., 

1994). An important difference between these areas that has raised the assumption of 

functional diversity in relation to spatial learning lies in the fact that unidirectional 

afferent fibers originating in the hippocampus are not homogeneously distributed in 

the medial prefrontal cortex. A clear distinction can be drawn between the 

prelimbic/infralimbic and the anterior cingulate cortex, the former ventromedial 

area(s) being considerably more innervated than the latter dorsomedial area (Ferino et 

al., 1987; de Bruin et al., 1994). Our results suggest that the anterior cingulate and 

prelimbic cortex, both prefrontal input areas of the dorsomedial striatum, are involved 

in goal-directed early learning, while the infralimbic cortex is engaged in habitual 

learning (see chapter 4, §4.3.). Using an instrumental lever-pressing protocol and the 

quantification of IEG expression levels to visualize neuronal activation, Hernandez et 

al. (2006) obtained similar findings compared to our results, i.e. a general decrease of 

activity in the prefrontal cortex and the anterior cingulate cortex. Noteworthy, with 

respect to the most rostral part of the prefrontal cortex no subregion specific analyses 

were performed as such treating the anterior cingulate/prelimbic/infralimbic cortex as 

an entity. Our results, however, demonstrated that interpretation of these results as an 

entity could discard important subregion-specific information. Namely, neuronal 

activity in both the anterior cingulate and prelimbic cortex decreased upon 

overtraining, while infralimbic activation was unchanged. But when analyzed as a 

whole, activity in the prefrontal cortex decreased after extended training (data not 

shown), a trend that was not correct for the infralimbic cortex.  
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In relation to the dorsomedial striatum and hippocampus (see chapter 4, §4.1.2.), what 

is the specific function of the prelimbic and anterior cingulate prefrontal cortical 

areas during goal-directed early spatial learning? What is their contribution to 

action-outcome contingency learning, the dominant type of information processing 

governed by the associative cortico-striatal circuit during the early stage of task 

acquisition? And, what is the functional implication of the distinct hippocampal 

innervation?  

Like the dorsomedial striatum, the medial prelimbic part of the prefrontal cortex has 

been associated with the ability to learn the contingency between actions and specific 

outcomes (Balleine and Dickinson, 1998). Outcome devaluation and contingency 

degradation paradigms indicated that pre-training lesions of either region abolished the 

acquisition of goal-directed learning, rendering performance habitual even during early 

stages of learning (Balleine and Dickinson, 1998; Corbit and Balleine, 2003; Killcross 

and Coutureau, 2003; Ostlund and Balleine, 2005; Yin et al., 2005a,b). However, if 

lesions in the prelimbic cortex are induced after initial training there is no impairment 

of goal-directed behavior. Thus, the prelimbic cortex appeared necessary for the initial 

acquisition of contingency learning rather than for its expression (phase limited 

involvement) (Ostlund and Balleine, 2005; Hernandez et al., 2006; Balleine et al., 

2007).  Since both pre- and post-training lesions of the dorsomedial striatum abolished 

goal-directed learning, it was suggested that the dorsomedial striatum, and not the 

prelimbic cortex, was the neural substrate of action-outcome encoding (Balleine et al., 

2007; Balleine et al., 2009; Balleine and O’Doherty, 2010). However, the possibility 

exists that action-outcome contingencies are encoded in the prelimbic cortex and 

subsequently consolidated in the dorsomedial striatum through direct connections from 

the prelimbic cortex to the dorsomedial striatum (Balleine et al., 2009).  

If the PL is not the locus of action-outcome encoding, then what is its function in goal-

directed learning?  

Another function assigned to the prelimbic cortex was the encoding of task 

rules/strategies or in terms of spatial learning efficient path planning, i.e. the ability to 

compute efficient goal-directed trajectories, and therefore also behavioral flexibility, 
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i.e. to adapt trajectories quickly to changing conditions in complex situations (Kolb, 

1984; Granon and Poucet, 1995). In the hidden platform version of the water maze 

when four distinct starting positions are imposed right from the start of the navigation 

acquisition, as is the case in our experimental setup, our observation of high prefrontal 

activity during early learning could reflect the cognitive demanding need to flexibly 

plan different navigation trajectories accompanying the alternating starting positions 

with continuous attention for the distal cues (Kolb et al., 1982, 1983; Granon and 

Poucet, 1995; Nieto-Escámez et al., 2002). These findings are in contrast with 

Ragozzino et al. (1999b) who demonstrated that task acquisition was not dependent on 

the prelimbic cortex. However, several studies have shown that the severity of 

behavioral impairment after prefrontal lesions is dependent on task difficulty (Granon 

and Poucet, 2000). Rich and Shapiro (2009) state that when cognitive demands 

required the prelimbic cortex, the rules guiding goal-directed behavior were coded 

more prominently than sensorimotor variables. A study by Rinaldi et al. (2007) using 

bilateral administration of D1 and D2 antagonists in the prelimbic cortex of mice also 

demonstrated selectively impaired spatial learning. Moreover, by using disconnection 

lesions specifically targeted to the hippocampal-prelimbic cortical circuit Wang et al. 

(2008) were able to show that this unidirectional connection was involved in water 

maze learning. Taken together, we posit that the initial acquisition phase reflecting 

early spatial learning of the complex water maze task with the constant need for 

attention to external cues and behavioral flexibility due to distinct starting positions is 

in accordance with enhanced prelimbic activity during early spatial learning. The 

functional connectivity between prefrontal neurons, i.e. synchronous firing, during 

performance of alternating spatial task demands was also most pronounced at the early 

stage of new learning compared to habitual performance (Baeg et al., 2009). By 

extension, behavioral flexibility also implies flexible shifting among strategies when 

current behavior was not adequate and rule/strategy shifting was in order (Granon and 

Poucet, 2000; Rich and Shapiro, 2009). Typically, patients with prefrontal damage are 

impaired in the Wisconsin card sorting task as they continue to sort cards according to 

a rule that no longer applies when the sorting category has changed (Bear et al., 2006). 

In rats, rule or strategy switching can be observed in a cross maze when the learned 
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use of a certain rule to find food (e.g., approach a place) adapts to changing task 

contingencies and a new rule is applied (e.g., make a body turn) (Ragozzino et al., 

1999a,b; Rich and Shapiro, 2007). So, rule or strategy shifting could be demonstrated 

when identical stimuli were able to elicit different responses, which could or could not 

be distinguished based on behavioral output. Therefore, reversal learning during which 

the same strategy guided different paths was not impaired by prelimbic lesions 

(Ragozzino et al., 1999a,b). Our findings of enhanced prelimbic activity at 3 days of 

training is in accordance with our striatal results showing a shift from goal-directed 

spatial learning to response learning at 3 days (see chapter 4, §4.1.1.). We suggest that 

in our experimental MWM setup inadequate behavior requiring the need for strategy 

shifting could be defined as the sustained use of the cognitively demanding map-based 

navigation strategy reducing the capacity for alternative cognitive processing when the 

effortless response strategy could control behavioral performance. Taken together, our 

neuronal activation results suggest that the prelimbic cortex is involved during goal-

directed path planning within the acquisition phase of the MWM and in shifting from 

the cognitively demanding spatial strategy to the reflexive response strategy upon 

overtraining.  

How does the prelimbic cortex contribute to path planning?  

A study by Hok et al. (2005) shed some light on how neurons in the prelimbic cortex 

might mediate spatial navigation. Prelimbic neurons displayed location-specific firing 

during complex spatial behavior, but not when simply wandering about in the 

environment, indicating that these prelimbic neurons were correlated with spatial 

goals. Since a limited number of the remaining place fields was found in various 

locations, prelimbic neurons probably also encode other significant aspects of the 

environment, such as salient landmarks. Together, these place cells that seem to 

associate locations with their motivational salience could account for the map by 

which trajectory paths can be computed. Presumably, this simple type of path planning 

is complemented by more complex navigation strategies computed by the hippocampal 

place cells. 
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What is the role of the anterior cingulate prefrontal cortex in spatial learning? 

Next to our finding of enhanced anterior cingulate involvement during early learning, 

we also demonstrated that plasticity levels in this particular prefrontal subregion were 

not correlated with behavioral proficiency. These findings suggest that the anterior 

cingulate cortex fulfills a more general role during early learning. Recent studies 

(Walton et al., 2002, 2003; Hillman and Bilkey, 2010) using a spatial decision-making 

T-maze task whereby rats could pursue x or y food pellets, with y higher than x and 

the effort to obtain y higher than the effort to obtain x, demonstrated that normal and 

prelimbic/infralimbic-lesioned rats invested more physical effort to reach the larger 

food reward y (high cost/effort, high reward/benefit). On the other hand, rats with 

lesions located in the anterior cingulate cortex were associated with suboptimal choice 

behavior (low cost, low reward). Based on these findings, the anterior cingulate cortex 

was implicated in effort-based decision making (Walton et al., 2002, 2003; Hillman 

and Bilkey, 2010). According to this theory, the anterior cingulate cortex is engaged in 

optimal decision-making by the assessment of the costs and benefits associated with 

each available course of action. Furthermore, activity in the anterior cingulate cortex 

was consistently biased (higher firing rate) towards the economically advantageous 

option in terms of effort/outcome ratio, i.e. towards actions that would maximize 

overall reward gain, possibly by encoding a cumulative history of recent reward 

(Walton and Mars, 2007).  

How does this theory fit into the context of our experimental water maze setup?  

We suggest that the observation of increased anterior cingulate activation exclusively 

during early learning could reflect the effort-based decision making process between 

the parallel developing spatial and response navigation strategies. Noteworthy, with 

respect to the water maze we suggest that differential effort demands between both 

navigation strategies are situated at the cognitive rather than physical level, since the 

swimming-to-escape effort is comparable in both strategies. In support, data regarding 

the anterior cingulate cortex were gathered from primate studies in which physical 

effort requirements were equal between distinct action sets, but increased mental effort 

was needed to perform optimally (Procyk et al., 2000; Quilodran et al., 2008). Based 
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on correlation studies between the degree of activation in the dorsomedial and 

dorsolateral striatum, the central neuronal substrates of spatial and response-based 

learning, respectively, and behavioral proficiency, we concluded that although both 

strategies were concurrently developing during the acquisition stage of water maze 

performance, the cognitively demanding map-based strategy controlled early learning 

(see chapter 4, §4.1.1.). Activity in the anterior cingulate cortex could be linked to this 

early learning stage since this prefrontal area is most likely encoding the cost/benefit 

representations of both competing choice strategies. Place learning is the most 

cognitively effortful strategy (high cost), but also holds the highest yield in terms of 

successful platform findings (high reward) during early learning compared to 

relatively immature reflexive stimulus-response associations (low cost) with a lower 

success rate (low reward). By extension, neurons in the anterior cingulate cortex 

probably display higher firing rates biased towards the economically advantageous 

spatial strategy option during water maze acquisition. According to this view, the 

anterior cingulate cortex serves an error prevention role when conflicting responses are 

present (Carter et al., 1999, 2000).  

If both strategies continuously exist in parallel, why is the anterior cingulate cortex 

not active anymore during late learning to guide effort-based decision making and 

establish a bias towards response learning? Thus, why is activation of the anterior 

cingulate cortex no longer required after extensive training?  

We suggest that there is a modulating influence of effort that determines whether or 

not cost/benefit-related activity is observed in the anterior cingulate cortex. While in 

the study by Hillman and Bilkey (2010) this referred to a minimal level of physical 

effort necessary to detect anterior cingulate activity, we suggest that in our water maze 

experiment this refers to a minimal degree of cognitive/mental effort. Since this type 

of effort was primarily required for spatial learning characteristic for the early learning 

stage of water maze performance, overtraining was consequently accompanied by a 

drop in anterior cingulate activity. Findings in primates (Procyk et al., 2000) and 

humans (Botvinick, 2007) support this view that higher anterior cingulate activity 

could be observed in tasks requiring higher cognitive effort. 
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Combined, we suggest that the prelimbic and anterior cingulate cortices amongst other 

prefrontal areas are part of a decision making network, with the prelimbic cortex 

mostly associated with goal-directed path planning and the anterior cingulate cortex 

recruited for cost-benefit integration when a decision task requires a threshold level of 

mental or physical effort for optimal execution. Thus, the prelimbic cortex together 

with the dorsomedial striatum are specifically involved in the goal-directed cortico-

striatal circuit based on action-outcome associations and goal value, while the anterior 

cingulate cortex is more generally engaged in conflict detection of competing 

strategies during early learning.  

4.3. Interaction between the infralimbic prefrontal cortex and the dorsolateral 

striatum: habitual learning  

During performance of an instrumental lever press task, animals with pre-training 

lesions of the infralimbic prefrontal cortex continued to show sensitivity to outcome 

devaluation at a stage of training when the responding of sham-operated control 

animals had become insensitive to goal value and therefore habitual. This finding 

suggested that the infralimbic cortex was involved in the transition of goal-directed 

actions into habitual decision processes associated with sensorimotor learning 

(Killcross and Coutureau, 2003; Balleine et al., 2007). Like pre-training lesions of the 

infralimbic cortex, post-training infralimbic lesions given after extended training of the 

same lever press task resulted in continued sensitivity to outcome devaluation 

(Coutureau and Killcross, 2003). Thus, the infralimbic cortex was clearly required to 

establish reflexive habitual performance. Also, neurons in this region were found to 

fire in relation to learned actions (Coutureau and Killcross, 2003; Killcross and 

Coutureau, 2003; Mulder et al., 2003; Pennartz et al., 2009). Correspondingly, lesions 

of the dorsolateral striatum also rendered performance goal-directed and once again 

sensitive to outcome devaluation when the responding of sham-operated control 

animals had become insensitive to goal value (Yin et al., 2004). Likewise, muscimol 

inactivation of the dorsolateral striatum rendered otherwise habitual performance 

sensitive to changes in the action–outcome contingency, another test criterium for the 

evaluation of goal-directed actions (Yin et al., 2006). Based on the similar behavioral 
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impairments of animals with lesions of the infralimbic cortex and dorsolateral 

striatum, both regions were hypothesized to operate synergistically as components of 

the cortico-striatal circuit mediating habit learning. Our data demonstrating a sustained 

enhanced activation of both the infralimbic cortex and the dorsolateral striatum (see 

chapter 4, §4.1.1.) upon overtraining support this theory and as such the requirement 

of both regions for the transition of early goal-directed to habitual performance and for 

the expression of learned behaviors.  

To date, it is not clear how the infralimbic cortex interacts with the dorsolateral 

striatum in promoting habitual behavior, since no evidence exists of direct connections 

between both regions (Killcross and Coutureau, 2003; Coutureau and Killcross, 2003; 

Balleine et al., 2007). However, we suggest that a recent study by Pennartz et al. 

(2009) provided a candidate route for the indirect information flow from limbic to 

sensorimotor-related cortico-striatal pathways. The nucleus accumbens shell (ventral 

striatum) as projection area of the prefrontal cortex (limbic), innervates the substantia 

nigra pars compacta and the ventral tegmental area. Subsequently, dopaminergic fibers 

originating from the substantia nigra pars compacta and the ventral tegmental area 

complex project to the dorsal sensorimotor-related striatum. Through this signaling 

cascade ventromedial regions of striatum can communicate with ever more 

dorsolaterally located striatal areas by a loop with the substantia nigra and the ventral 

tegmental area. Since the infralimbic cortex projects to the most ventromedial site of 

the nucleus accumbens shell, we suggest that information concerning habitual 

behavior can be integrated into the dorsolateral sensorimotor striatum. 

Although yet no clear functional distinction between both regions has been 

demonstrated in the context of habit learning, the dorsolateral striatum by virtue of its 

input from somatosensory and motor cortices is thought to mediate the stimulus-

reponse associations (Reading et al., 1991; Jog et al., 1999; see chapter 4, §4.1.1.), 

while the infralimbic cortex, as part of the prefrontal cortex, is thought to be 

responsible for governing the nature of associations, i.e. action-outcome or stimulus-

response, controlling behavior (Killcross and Coutureau, 2003; Coutureau and 

Killcross, 2003; see chapter 4, §4.4.). 
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4.4. Interaction between the prelimbic and infralimbic cortex: goal-directed versus 

habitual learning 

The aforementioned findings by Killcross and Coutureau (2003) provided pioneering 

evidence for the distinct learning stage-related contributions of the infralimbic and 

prelimbic prefrontal cortex to instrumental learning, with the prelimbic cortex engaged 

in goal-directed early learning and the infralimbic cortex in late habitual learning. We 

extended this line of evidence in the intact mouse brain by demonstrating a dissimilar 

dynamic in neuronal activation of these regions upon overtraining; prelimbic activity 

decreased, while infralimbic activity was sustained. Since post-training lesions of the 

infralimbic cortex triggered the reinstatement of goal-directed responding in 

ovetrained animals, it was inferred that the action-outcome associations controlling 

early goal-directed learning were not degraded upon overtraining, but rather lost their 

influence on behavior (Coutureau and Killcross, 2003). At the level of the striatum, we 

previously discussed this as the permissive role that the dorsomedial striatum (action-

outcome contingency learning) has towards the dorsolateral striatum (habitual 

stimulus-response learning). However, as coordination of these two processes is 

perhaps best defined as an executive function, one logical alternative possibility is that 

this function is achieved by interactions between different areas of the prefrontal 

cortex, i.e. the prelimbic and infralimbic cortex (Rich and Shapiro, 2009). According 

to this view, the medial prefrontal cortex could act as a coordinating interface for the 

interactions between the goal-directed and habitual system.  

How is the infralimbic cortex enabling the habitual system to override the goal-

directed system?  

The current opinion on this matter states that a plausible role of the infralimbic region 

could be to increase the influence of reflexive responding by the inhibition of ongoing 

goal-directed actions, since the infralimbic cortex has generally been implicated in the 

changes of inhibitory control (Frysztak and Neafsey, 1994; Morgan and LeDoux, 

1995; Morrow et al., 1999; Quirk et al., 2000). This theory would imply that the 

infralimbic cortex and as such reflexive performance gains control over behavior by 
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inhibiting activity in the prelimbic cortex engaged in voluntary, goal-directed 

responding. 

An alternative theory for the coordination of the goal-directed and response strategy 

could reside in the fact that prefrontal cortical neurons selectively code switches 

between strategies that define different relationships among the same environmental 

stimuli (Rich and Shapiro, 2009). According to this view, the prelimbic cortex 

contributes to strategy shifting by promoting new strategies, inhibiting old strategies, 

or both; and the infralimbic cortex is most likely involved in establishing new 

strategies. The latter supported by the finding that infralimbic dysfunction impairs the 

persistence of extinction in pavlovian tasks (Rhodes and Killcross, 2004). 
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Chapter 5 

 

 

General discussion and future perspectives 
 

 

 

1. Concluding remarks about the differential contribution of distinct cortical 

and subcortical regions to Morris water maze learning: from goal-directed to 

habitual control 

In this dissertation we chronically tracked neuronal activity in several cortical (aCC, 

PL, IL, CA1 and CA3) and subcortical (DMS, sDMS and DLS) brain areas during 

performance of the Morris water maze in order to visualize learning phase-specific 

contributions of each of these brain regions and their interactions - either competitive 

or cooperative (Figure 5.1). We have demonstrated that the corticostriatal circuits 

mediating goal-directed and habitual learning develop in tandem during the early 

learning phase (see chapter 4, §4.1.1.), with the former circuit comprising the anterior 

cingulate and prelimbic prefrontal cortices together with their (superior) dorsomedial 

projection area in the striatum and the latter consisting of the sensorimotor cortex and 

its dorsolateral output destination in the striatum together with the infralimbic cortex. 

However, in the intact mouse brain the goal-directed corticostriatal loop controls 

behavioral output during early spatial learning of the MWM task which has repeatedly 

been shown to be hippocampus-dependent (see chapter 4, §4.1.1.). We confirmed this 

hippocampal involvement during MWM acquisition and we were able to show that 

task-specific engagement is found in CA1 and not CA3 (see chapter 3, §4.1.). In the 

cognitive corticostriatal circuit, both the prelimbic and dorsomedial striatum receive 

hippocampal input. However, each region is thought to subserve a distinct function 

with the hippocampus enrolled in spatial processing per se (see chapter 4, §4.1.2.), the 
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dorsomedial striatum in establishing action-outcome contingencies (see chapter 4, 

§4.1.2.), the prelimbic cortex in flexible planning of behavioral trajectories and 

strategy shifting (see chapter 4, §4.2.), and the anterior cingulate cortex in effort-based 

decision making (see chapter 4, §4.2.). Upon overtraining, we found that behavioral 

control shifted to the habitual corticostriatal circuit, with the dorsolateral striatum 

engaged in the encoding of stimulus-response associations (see chapter 4, §4.3.). 

Although the neural basis of interaction between goal-directed and habitual learning is 

not clear, we suggest that shifting from the goal-directed to the habitual navigation 

strategy is a matter of cognitive control either enabled by the prelimbic or infralimbic 

cortex: the prelimbic cortex could detect the use of an inadequate strategy (i.e. the 

cognitively demanding map-based strategy when the reflexive response strategy was 

available) and as such the need to shift strategies (see chapter 4, §4.2. and §4.4.), while 

the infralimbic cortex as part of the habitual circuit could inhibit the prelimbic cortex 

and thus the goal-directed circuit (see chapter 4, §4.3. and §4.4.).  
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◄ Figure 5.1 Simplified overview of the distinct neuronal circuits and their subregions mediating 

goal-directed actions and reflexive habits. With respect to Morris water maze learning, task 

acquisition (early learning phase) is under control of the goal-directed system and relies on a network 

involving the anterior cingulate (aCC) and prelimbic (PL) medial prefrontal cortex (mPFC), the 

dorsomedial striatum (DMS), and the hippocampus (green delineation). Upon overtraining, a parallel 

circuit including the infralimbic (IL) and sensorimotor (SM) cortices, the dorsolateral striatum (DLS), 

and supposedly also the ventral striatum (VS) and substantia nigra pars compacta (SNc) exerts 

habitual control. For each corticostriatal circuit feedback information is conveyed back to the cortex 

through the output nuclei of the basal ganglia, i.e. the substantia nigra pars reticulata (SNr) and the 

entopeduncular nucleus (EP), and the thalamus, i.e. the posterior thalamus (PO) for the habit system 

and the mediodorsal thalamus (MD) for goal-directed actions. Shifting from the goal-directed to the 

habitual navigation strategy is most likely a matter of cognitive control either mediated by the 

prelimbic cortex which could detect the use of an inadequate strategy (i.e. the cognitively demanding 

map-based strategy when the reflexive response strategy was available) or by the infralimbic cortex 

which could inhibit the prelimbic cortex and therefore the goal-directed circuit. Arrows indicate the 

information flow. Bold typing indicates the subregions we selected for the quantification of neuronal 

activation. 

 

Our results clearly challenge the multiple memory systems hypothesis, since they do 

not support a strict dichotomy between the hippocampal and dorsal striatal learning 

and memory system. We provide evidence for a role of the dorsomedial striatum in 

flexible goal-directed learning and therefore this striatal subregion belongs to the same 

functional system as the hippocampus (see chapter 4, §4.1.2.). Also, in contrast with 

the multiple parallel memory systems hypothesis we show that early learning is 

characterized by the concurrent development of the goal-directed and habitual 

navigation strategy (see chapter 4, §4.1.1.), and thus not solely by the goal-directed 

system. Also, we provide evidence for distinct functional contributions of the 

prelimbic and infralimbic cortex, prefrontal subregions that are, even to date, often 

treated as one unitary prefrontal structure.  An elaborate discussion concerning these 

conclusions can be found in chapter 4. 
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2. Parallel findings from within the KU Leuven consortium 

The research performed by the other researchers of our consortium provides us with 

interesting and complementary results that allow further interpretation of our data set 

in the following paragraphs. 

 

Regarding the hippocampus, intrinsic neuronal properties, e.g. spike frequency 

adaptation and postburst afterhyperpolarisation, of CA1 pyramidal cells were 

characterized by whole-cell patch-clamp measurements at the early and late phase of 

Morris water maze learning (Dr. Victor Sabanov). A reduction of both neuronal 

properties provided evidence for the temporary upregulation of intrinsic excitability in 

mice hippocampal pyramidal cells during the initial most challenging phase of 

acquisition, when learning networks are shaped. In accordance, we demonstrated that 

Homer1a expression associated with synaptic plasticity was enhanced during early 

learning in trained mice. Also, we found that early and not late learning was 

accompanied by changes in the NMDAR subunit composition. Together these data 

show that processes related to both synaptic and intrinsic plasticity are induced by the 

initial learning phase, whereas upon overtraining they fall back to the level of naïve 

caged controls. 

 

Regarding the prefrontal cortex, mice with lesions mostly confined to the prelimbic 

cortex were trained in the Morris water maze (Dr. Ilse Gantois). Spatial navigation in 

lesioned mice was only disrupted during the acquisition phase of water maze learning, 

especially during the first three days of task performance, when in sham-lesioned 

control animals a steep learning curve was observed. Furthermore, a delay in learning 

was observed during the first seven days. These observations confirm the involvement 

of the prelimbic cortex during cognitively demanding early learning as demonstrated 

by our zif268 expression dynamics. However, prelimbic-lesioned animals did learn the 

MWM task. In a lever-pressing paradigm, performance in animals with pre-training 

prelimbic lesions was shown to be under habitual control, i.e. the response system, 

while in normal animals early performance was controlled by the goal-directed system 

(Killcross and Coutureau, 2003). I suggest that prelimbic-lesioned animals in the water 
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maze also adopted the response strategy from early on in learning. The fact that they 

still show a delay in learning during the first seven days confirms that in the water 

maze the response strategy takes longer to acquire. This is a hypothesis and looking 

into swimming behavior will not solve this question as either strategy, spatial or 

response, elicits the same output behavior. 

 

In parallel with mouse MWM training, an analogous experiment was performed with 

humans that acquired a virtual version of the Morris water maze (Dr. Daniel Woolley). 

While learning-related neuronal activation in mouse was determined by quantification 

of the expression level of the activity reporter gene zif268; in humans, the 

hemodynamic response to brain activation was measured with functional magnetic 

resonance imaging (fMRI). Hereto the virtual MWM was first optimized (Woolley et 

al., 2010). Remarkably, just like for mice, the human data also revealed that the 

dorsomedial striatum and medial prefrontal cortex together support the initial 

acquisition phase of spatial learning. This remarkably high degree of convergence in 

brain anatomy and function between these vastly different species emphasizes the 

reliability of our findings. 

 

3. What type of navigation strategy actually reflects goal-directed and habitual 

performance? 

We provided evidence that the navigation strategy used to guide behavior in mice 

shifted over the course of learning from being flexible and goal-directed during early 

learning to rigid and habitual during late learning. Several maze studies in which 

subjects had to learn about a location have shown that task acquisition is mediated by a 

place strategy, also called spatial learning (McDonald and White, 1994; Packard and 

McGaugh, 1996; Devan et al., 1999; Devan and White, 1999; Yin and Knowlton, 

2004). According to this type of strategy subjects define a location based on its 

relation to other distal cues in the maze environment (cognitive spatial map), a highly 

hippocampal-dependent task (O’Keefe and Nadel, 1978; Morris et al., 1982; Hunsaker 

et al., 2008; Czerniawski et al., 2008). Allocentric spatial learning therefore is 

independent of the subject’s orientation and viewing direction (Poucet, 1993). Our 
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finding of combined enhanced activity in the hippocampus (CA1), dorsomedial 

striatum, and prelimbic cortex during early learning clearly supports the use of the 

map-based goal-directed place strategy in this timeframe.  

Cue-based response learning has been shown to guide habitual behavior both in spatial 

(McDonald and White, 1994; Packard and McGaugh, 1996; Devan et al., 1999; Devan 

and White, 1999; Yin and Knowlton, 2004) and non-spatial (Yin et al., 2005a,b; Yin et 

al., 2006) instrumental tasks. For instance, in a spatial T/cross-maze navigation task 

the response strategy can be defined as a stimulus-response association: consistently 

executing the same body turn (90° left) at the center of the maze (Packard and 

McGaugh, 1996; Yin and Knowlton, 2004). The extrapolation of this definition of 

response learning - the encoding of simple stimulus-response associations - to the 

water maze is not that straightforward. While the T/cross-maze only offers two 

possible trajectory directions/responses (left or right) at the choice point, far more 

potential trajectory directions are constantly present in the water maze. Noteworthy, an 

egocentric response strategy in the strict sense of a single stimulus-response 

association was impaired in our experimental water maze setup, since the extramaze 

cues were put up in such a way that one single cue could not be associated with the 

platform. A first possibility is a place recognition-triggered response strategy in which 

they acquire some kind of a chain of stimulus-response-stimulus associations (e.g. S1-

R1-S2-R2-...) in which the stimuli represent places (Trullier et al., 1997; Wiener and 

Shenk, 2005). This type of response strategy infers that they would have to memorize 

four different stimulus-response-stimulus trajectories, one for each starting position. A 

second possibility is that they learn a configuration of distal cues located in the direct 

proximity of the hidden platform, a so called “snapshot”. According to this latter 

strategy, the stimulus-response strategy could be defined as a (S-S)-R association in 

which the triggering stimulus is actually a set of stimuli and their reciprocal 

relationships (McDonald and White, 1995; Steck and Mallot, 2000). Although both 

strategies involve spatial information, they are considered response strategies as they 

are habitual and thus independent of the consequences of actions. As spatial 

information is still maintained ‘on-line’ during habitual performance, this could 

explain the observation of sustained hippocampal activity in the late learning phase. 
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Previously, we already suggested that learning and the expression of learned behavior 

both activate the hippocampus since the same cellular processes are most likely 

engaged (see chapter 3, §4.1.).  

 

4. Are free-swimming controls a suitable control condition? Are their 

alternatives? 

Throughout our study and for the majority of brain regions examined, we have found 

no reason to assume that free-swimming controls were no appropriate control 

condition. However, two findings initially raised our concern. A first observation was 

the equally high hippocampal activation in trained and free-swimming control groups 

during both learning phases. These results turned out to be not new as Shires and 

Aggleton (2008) attributed this high hippocampal engagement to the fact that the 

swimming pattern of free-swimming mice was quantitatively different from trained 

animals and no possibility to escape made this task stressful. Therefore, they argued 

that free-swimming controls were no suitable control condition. However, the 

corticosterone levels between our trained and free-swimming control groups were not 

any different (see chapter 2, §3.), so stress could be excluded as a cause of high 

activity. Rather, we suggested that our findings were related to the hippocampal 

involvement during task performance in either condition. E.g. similar hippocampal 

activation in trained and free-swimming control groups could be ascribed to the fact 

that the hippocampus encodes spatial information even though this is not necessary for 

the swimming control condition, a finding that was previously demonstrated by 

equally high hippocampal activation in the cued and spatial water maze task, the 

former not dependent on spatial information (Rapp et al., 1987; Guzowski et al., 

2001). Regarding sustained hippocampal activation over the course of learning, 

learning and retrieval of learned behavior were both shown to depend on similar 

cellular processes (chapter 3). A second observation was the sustained upregulation of 

Homer1a in CA1 of free-swimming controls after extended training. Possibly they are 

trying to learn some kind of hippocampus-dependent behavior related to being rescued 

from the pool by a whisk (see chapter 3, §4.1). Since we did not record swimming 
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paths of free-swimming controls due to technical restrictions in this particular setup, 

we can not make any conclusions regarding this matter. Since this was to only remark 

on free-swimming controls and an analogous control condition was shown appropriate 

in the human virtual water maze, we decided to accept them as control condition. 

However, we suggest that in the future, swimming paths of free-swimming controls 

and by extend every control condition in a spatial navigation task should be tracked 

and analyzed to provide information about what control subjects are really doing in the 

maze and whether there are any changes over time. Another way to control the 

behavior of control conditions is to have them perform a different purposeful 

navigation task, e.g. a visible platform version of the water maze, and compare 

contrasts and similarities in subregional activation with the hidden platform version of 

the water maze to interpret functional contributions.  

 

5. Future perspectives 

5.1. Medial prefrontal cortex: prelimbic and infralimbic cortex 

Due to technical limitations we could not determine activity levels in the prelimbic and 

infralimbic region of the prefrontal cortex in the same brains used for all the other 

cortical and subcortical regions of interest. Therefore, we set up a second Morris water 

maze experiment. Data presented in this dissertation regarding the prelimbic and 

infralimbic region are preliminary as to date not all trained animals are included in the 

quantitative IEG experiments. To verify and strengthen current results we want to 

analyze more animals. However, below we provide some arguments for extending the 

experiment by 2 days trained and free swimming-control mice. 

First, by only including 3 day data, the time point when behavior shifts from goal-

directed to habitual, we lack information on the level of activity related specifically to 

the early acquisition of the spatial task. Adding 2 day trained mice will address this 

shortcoming and by comparison with the level of activity in 2 day free-swimming 

controls, subregion-specific contributions to the acquisition phase can be detected and 

functions assigned to the prelimbic and infralimbic cortex in relation to both phases 
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can be verified (Balleine et al., 2007; Balleine and O’Doherty, 2010). Second, the 

subregion-specific dynamic in activity during early learning combined with that during 

late learning can shed some light on the coordination model actually monitoring 

strategy shifting upon overtraining, with (1) being the infralimbic cortex inhibiting the 

prelimbic cortex or (2) the prelimbic cortex detecting the need for strategy shifting and 

the infralimbic cortex merely involved in establishing the new strategy. For example, a 

task-specific increase of infralimbic and prelimbic activity during early learning 

followed by a decrease in prelimbic activity and a sustained level of infralimbic 

activity upon overtraining might favor the second model, while an ongoing increase in 

infralimbic activity combined with a decline in prelimbic activity upon overtraining is 

in favor of the first model. 

Complementary to activity data (zif268), we suggest it might be useful to visualize 

plastic changes in the prefrontal cortex. As effector gene we recommend arc, since it 

was previously shown to be a good marker of cortical plasticity (Kelly and Deadwyler, 

2002, 2003). 

5.2. ASBA AMPA1 

The net insertion of AMPARs into the postsynaptic membrane was proven to be 

crucial for LTP induction (Shi et al., 2001; Malenka, 2003). Since LTP is one of the 

mechanisms underlying learning and memory (Ramon y Cajal, 1894), it was puzzling 

that we did not detect any learning-specific changes in the number of AMPA2 subunits 

– a subunit present in all the hippocampal AMPARs and therefore suitable to visualize 

the total number of AMPARs. However, we suggest that this observation could be due 

to the fact that we quantified the total amount of AMPA2 subunits regardless of 

whether they were assembled with AMPA1 or AMPA3 subunits, and only 

AMPA1/AMPA2 receptors were shown to be inserted into the plasma membrane by 

LTP-inducing stimuli (Shi et al., 1999; Shi et al., 2001; Lu et al., 2001; Passafaro et 

al., 2001; Lee et al., 2004). We suggest that it might be interesting to investigate the 

amount of surface AMPA1 subunits over the course of MWM training to visualize 

changes in the number of AMPARs associated with learning. However, we also need 

to keep in mind that several independent behavioral experiments using AMPA1 KO 
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mice have already proven that AMPA1-deficiency has no implications for 

performance in the standard hidden-platform MWM task (Zamanillo et al., 1999; 

Sanderson et al., 2008), while impairments were clearly present in the spatial working 

memory version of the MWM (Sanderson et al., 2008) and spatial reversal MWM 

learning (Bannerman et al., 2003). Moreover, using AMPA1 KO mice, Schmitt and 

colleagues (2003) demonstrated a selective spatial working memory deficit in the 

radial-arm maze coexisting with an intact acquisition of the spatial reference memory 

version of this task. It was suggested that AMPA1-dependent, hippocampal synaptic 

plasticity might provide a suitable mechanism enabling rapid and flexible short-term 

spatial working memory, while AMPA1-independent and gradual acquisition of long-

term associations between allocentric environmental cues and escape platform position 

occurs across several subsequent training days (Schmitt et al., 2003; Sanderson et al., 

2008; Kessels and Malinow, 2009). Contrary, during the acquisition of our MWM task 

we did find task-specific enhanced hippocampal plasticity (H1a) as it was correlated 

with behavioral proficiency. Whatever the case may be, analyzing the number of 

AMPA1 subunits will provide additional information. 

Together, these proposed experiments will complement our present data and provide 

further insight into the subregion-specific neuroplastic contributions of the 

hippocampal and corticostriatal system to early and late MWM learning. 
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The ability to learn new skills or habits as a result of practice is one of the most 

distinguished features of biological systems. Neuroplastic processes and changes in 

synaptic connections are phenomena at the systems and molecular neuroscience level 

enabling different forms of learning and memory. In this dissertation we aimed to 

elucidate some of these neuroplastic mechanisms associated with early and late 

complex water maze learning. The main goal was to visualize possible network 

activity between different brain regions for which independent involvement in water 

maze learning was already established a priori. 

The major part of this study comprised the quantitative analysis of immediate early 

gene expression levels in the hippocampus (CA1 and CA3), striatum (DMS, sDMS 

and DLS) and prefrontal cortex (aCC, PL and IL) by means of in situ hybridization 

experiments for the molecular activity marker zif268 and the molecular plasticity 

markers Homer1a and arc. Through these analyses we sought to identify learning 

phase-related differences in the contributions of these distinct subregions of the brain. 

Furthermore, this IEG imaging approach also allowed us to characterize the nature of 

interactions between subregions in the intact mouse brain. With respect to the 

hippocampus, surface biotinylation assays in acute brain slices (ASBA) combined with 

Western analysis enabled us to measure modifications in the membrane expression of 

specific cell surface proteins. 

In the corticostriatal system, we have found synergistic activity dynamics (zif268 

expression) over the course of learning in the (superior) dorsomedial striatum, the 

prelimbic and the anterior cingulate cortex, with these regions being most active 
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during goal-directed early learning. Also, parallel dynamics in activity were found in 

the dorsolateral striatum and infralimbic cortex, with both regions mediating habitual 

water maze performance. During early task acquisition, these two corticostriatal 

circuits were shown to develop simultaneously. However, arc expression levels 

suggested that the goal-directed corticostriatal loop controlled behavioral output 

during early spatial learning. Upon overtraining, we demonstrated a shift in behavioral 

control to the habitual corticostriatal circuit. With respect to the hippocampal system, 

we demonstrated a continuous activation (zif268 expression) during water maze 

performance in CA1, not CA3. However, task-specific engagement in CA1 was only 

found during the goal-directed early learning phase. Since ASBA analysis only 

detected modifications of the NMDAR subunit composition during early learning, we 

suggest that the hippocampus indeed mediates goal-directed early learning in 

correspondence with the corticostriatal circuit comprising the (superior) dorsomedial 

striatum, the prelimbic and the anterior cingulate cortex.  
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Het vermogen om nieuwe vaardigheden en gewoontes aan te leren en meester te 

worden is een van de meest cruciale eigenschappen van levende wezens. 

Neurowetenschappelijk onderzoek heeft aangetoond dat dit onder andere mogelijk 

gemaakt wordt door neuroplastische processen en veranderingen ter hoogte van de 

synaptische connecties tussen neuronen. Zowel op moleculair als systeem niveau 

hebben we er in dit proefschrift naar gestreefd om een aantal van deze neuroplastische 

mechanismen geassocieerd met de vroege en late leerfase van de “Morris water maze” 

in kaart te brengen voor de hippocampus, het striatum, de prefrontale cortex en hun 

respectievelijke subregio’s.  

Het belangrijkste doel was om mogelijke interacties, hetzij competitief hetzij 

coöperatief, tussen deze verschillende subregio’s te visualiseren en op die manier 

functionele circuits geassocieerd tot de vroege en late leerfase te identificeren. Hiertoe 

werden de “immediate early gene” (IEG) expressiepatronen bekomen door middel van 

in situ hybridisatie voor de moleculaire activiteitsmerker zif268 en plasticiteitsmerkers 

Homer1a en arc kwantitatief geanalyseerd voor de hippocampus (CA1 en CA3), het 

striatum (DMS, sDMS en DLS) en de prefrontale cortex (aCC, PL en IL).  

Met betrekking tot de hippocampus, voerden we eveneens “acute slice biotinylation 

assays” (ASBA) uit. In combinatie met Western blot analyse voor receptor 

subeenheid-specifieke antilichamen konden we in de membraanfractie wijzigingen 

nagaan in de optische densiteit van deze receptorsubeenheden. 
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In het cortico-striatale systeem konden we aan de hand van zif268 expressiepatronen 

representatief voor de verschillende tijdstippen tijdens het leerproces een analoog 

activiteitsverloop aantonen voor het (superieure) dorsomediale striatum, de 

prelimbische en de anterior cingulate cortex. Hieruit bleek dat deze regio's betrokken 

waren tijdens de actieve en doelgerichte vroege leerfase. Eveneens werd een parallelle 

activiteitsdynamiek vastgesteld in het dorsolaterale striatum en de infralimbische 

cortex, waaruit kon afgeleid worden dat beide regio’s betrokken waren in de late 

leerfase. Zif268 expressiepatronen toonden eveneens aan dat beide cortico-striatale 

circuits parallel tot ontwikkeling kwamen tijdens de acquisitiefase. Op basis van arc 

expressiepatronen stelden we echter dat het cortico-striatale circuit betrokken in 

doelgericht leren het gedrag tijdens deze fase effectief controleerde.  

Met betrekking tot het hippocampale systeem, toonden zif268 expressie data een 

constante activatie van CA1, en niet CA3, onafhankelijk van de leerfase. Taak-

specifieke betrokkenheid van CA1 bleek enkel gepaard te gaan met de doelgerichte 

vroege leerfase (Homer1a). Gecombineerd met ASBA data die uitsluitend een shift in 

de NMDAR samenstelling toonden tijdens de vroege leerfase, stelden we dat de 

hippocampus samen met het cortico-striatale circuit, bestaande uit het (superieure) 

dorsomediale striatum, de prelimbische en de anterior cingulate cortex, de 

acquisitiefase van spatieel leren in de MWM controleerde.  
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Appendix 1 Hippocampal mouse atlas spanning the dorsal hippocampus from -1.22 till -2.46 mm 

relative to Bregma. Overlays of consecutive 25 µm coronal Pcp4 autoradiograms (grayscale) and the 

corresponding Nissl-stained sections (purple) enabled the correct localization of Pcp4 mRNA 

expression and therefore the demarcation of the different cornu Ammonis (CA) subfields. Consecutive 

sections are presented in each row from left to right, with the most rostral sections in the upper row 

and the most caudal sections in the last row. 
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