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The present research reports the first comprehensive map of brain networks 

underlying latent inhibition learning, the first application of structural equation modeling 

to cytochrome oxidase data, and the first effects of methylene blue, a known metabolic 

enhancer, on latent inhibition. In latent inhibition, repeated exposure to a stimulus results 

in a latent form of learning that inhibits subsequent associations with that stimulus. As 

neuronal energy demand to form learned associations changes, so does the induction of 

the respiratory enzyme cytochrome oxidase. Therefore, cytochrome oxidase can be 

used as an endpoint metabolic marker of the effects of experience on regional brain 

metabolic capacity. Quantitative cytochrome oxidase histochemistry was used to map 

brain regions in mice trained on a tone-footshock fear conditioning paradigm with either 

tone preexposure (latent inhibition), conditioning only (acquisition), conditioning followed 

by tone alone (extinction), or no handling or conditioning (naïve). In normal latent 

inhibition, the ventral cochlear nucleus, medial geniculate, CA1 hippocampus, and 
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perirhinal cortex showed modified metabolic capacity due to latent inhibition.  Structural 

equation modeling was used to determine the causal influences in an anatomical 

network of these regions and others thought to mediate latent inhibition, including the 

accumbens and entorhinal cortex.  An uncoupling of ascending influences between 

auditory regions was observed in latent inhibition. There was also a reduced influence 

on the accumbens from the perirhinal cortex in both latent inhibition and extinction. 

These results suggest a specific network with a neural mechanism of latent inhibition 

that involves sensory gating, as evidenced by modifications in metabolic capacity, 

effective connectivity between auditory regions, and reduced hippocampal influence on 

the accumbens. The effects of methylene blue on disrupted latent inhibition were also 

investigated. Reduced tone-alone presentations disrupted the latent inhibition effect and 

led to an increase in freezing behavior.  Repeated low-dose administration of methylene 

blue decreased freezing levels and facilitated the disrupted latent inhibition effect. 

Methylene blue administration also resulted in changes in metabolic capacity in limbic 

and cortical regions. A unique functional neural network was found in methylene blue-

restored latent inhibition that emphasized sensory gating of auditory information, 

attention processing, and cortical inhibition of behavior.  
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Chapter 1: Introduction 

Latent inhibition (LI) is a form of latent learning in which familiarity with a stimulus 

disrupts the formation of subsequent conditioned responses to that stimulus. The LI 

paradigm is “latent” in that the effect on behavioral expression is hidden and not 

observed until the preexposed stimulus is paired with some consequence. The LI 

paradigm represents a useful model of how learned behavior is affected by prior 

experience and disrupted in specific mental disorders. There has been increased 

interest in the neural mechanisms underlying LI due to its potential to model behavioral 

deficits associated with schizophrenia, specifically the inability to ignore irrelevant 

stimuli. Consequently, identifying the functional brain networks underlying latent 

inhibition is useful not only to understand the neural basis of behavior, but also to 

provide insight into the disruption of normal learning functions in the brain.  

BEHAVIORAL DESCRIPTION OF LATENT INHIBITION 

Lubow and Moore (1959) first described the LI effect in an experiment involving 

the conditioning of a visual stimulus with a mild shock. In this classic experiment, goats 

were preexposed to either a flashing light or moving rotor and then given light-shock or 

rotor-shock training. It was predicted that the visual stimulus preexposure would 

enhance the association formed between the visual stimulus (conditioned stimulus) and 

the shock (unconditioned stimulus). However, what the authors found was a decrease in 

the conditioned response with visual stimulus preexposure. 



 2 

LI has since been demonstrated in a variety of species across many behavioral 

paradigms including avoidance conditioning (Ackil & Mellgren, 1968), conditioned 

suppression (Domjan & Siegel, 1971), discrimination learning (Lubow et al., 1976a; 

Channell & Hall, 1981), predator recognition (Ferrari & Chivers, 2009), and Pavlovian 

fear conditioning (Lubow & Siebert, 1969). The LI effect has also been observed in 

appetitive learning paradigms including instrumental conditioning (Holland & Gallagher, 

1993; Killcross et al., 1994b), sign tracking (Boughner & Papini, 2003), and olfactory 

discrimination (Fernandez et al., 2009). In human studies the effect has been 

demonstrated with electrodermal conditioning paradigms (Lipp & Vaitl, 1992), eyelid 

conditioning (Schnur & Ksir, 1969), taste aversion conditioning (Arwas et al., 1989), 

visual search tasks (Lubow et al., 2000b), and instrumental learning tasks (Ginton et al., 

1975). 

In all experimental paradigms, LI involves the same basic procedure: a 

preexposure phase consisting of repeated presentations of a stimulus without 

consequence, followed by a conditioning phase where the preexposed stimulus is paired 

with some consequence. In Pavlovian conditioning of tone and footshock, the LI 

procedure consists of tone alone presentations during the preexposure phase followed 

by tone-footshock pairings during the conditioning phase. Inhibition of the behavioral 

conditioned response is reflected by a decrease in the freezing response to the tone. 

ATTENTION VS. BEHAVIOR DEFICIT 

Some learning theorists have proposed that the LI phenomenon is driven by an 

animal’s past experience with a stimulus, which affects its associability or rate at which 

that stimulus can effectively enter into a predictive relationship. This view proposes that 
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the LI phenomenon is the result of attention processes and an animal’s learning to 

ignore irrelevant stimuli (Mackintosh, 1975; Lubow et al., 1976b; Schmajuk & Moore, 

1985; Lubow, 1989). The attention view of LI primarily focuses on the processes that 

occur during stimulus preexposure and the effects of non-reinforced stimulus 

presentations. Behavioral studies have proposed several processes that occur during 

the preexposure phase, such as the familiar stimulus becoming a poor predictor of 

reinforcement (Mackintosh, 1975), animals learning that the stimulus is not followed by a 

predictable consequence (Pearce & Hall, 1980), conditioning of inattention to the 

preexposed stimulus (Lubow, 1997), and the formation of an association between the 

preexposed stimulus and the context (Schmajuk & Moore, 1988).  

The attention view of LI does not take into account processes that may occur 

during the conditioning phase. To address this issue the switching model of LI was 

proposed (Weiner, 1990). The switching model places emphasis on mechanisms that 

occur during the conditioning phase in addition to the preexposure phase. According to 

the switching model, in preexposure an organism learns that the preexposed stimulus 

predicts nothing. This stimulus-no event contingency then competes with a stimulus-

event contingency learned during acquisition that affects an organism’s behavioral 

response. If an organism is under the control of the stimulus-no event contingency, then 

a weak conditioned response is observed. If the stimulus-event contingency is in control, 

then a strong conditioned response will be observed. The ability for one association to 

out compete another is dependent on factors such as the number of stimulus alone 

presentations, the number of stimulus pairings, duration of stimulus, and contextual 

cues.  
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LATENT INHIBITION AND SCHIZOPHRENIA 

Studies have shown that LI is disrupted in schizophrenic individuals. Disrupted 

latent inhibition is observed in schizophrenia when individuals are still able to learn a 

stimulus-event association despite familiarity with the stimulus. For example, in a one 

study preexposed subjects to bursts of white noise while listening to a series of 

nonsense syllables (Baruch et al., 1988b). In the conditioning phase, the white noise 

was paired with visually displayed numbers. Non-schizophrenic subjects did not learn 

that the white noise predicted the increments in the displayed numbers, demonstrating 

intact LI. Acute schizophrenics, however, did learn the association, demonstrating 

disrupted LI. This finding has failed to be replicated (e.g. Swerdlow et al., 1996), but 

studies have found that LI is disrupted in schizophrenics in other tasks, such as a visual 

search task, and may be gender specific (Lubow et al., 2000a). These findings have also 

been observed in schizotypal individuals (Lubow et al., 2001).. 

Disrupted LI has also been observed in animal models of schizophrenia. For 

example, a recent study of the genetic basis of schizophrenia showed that mice with 

mutations in neuregulin-1, a candidate susceptibility gene for schizophrenia, have 

deficits in the behavioral expression of LI (Rimer et al., 2005). Drug models of 

schizophrenia have also demonstrated disrupted LI with amphetamine administration 

and facilitation with administration of haloperidol, a typical antipsychotic, in a conditioned 

drink suppression paradigm (Warburton et al., 1994). 

NEURAL MECHANISMS OF LATENT INHIBITION 

The effects of dopamine agonists, such as amphetamines, and dopamine 

antagonists, such as haloperidol, are indicative of the neural mechanisms underlying LI. 
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Previous studies have explored the neural mechanisms underlying LI and have identified 

several key regions. Much of what is known about the brain regions involved with LI 

derives from lesion and pharmacological studies. There are many regions of interest in 

LI that have been determined through lesion studies. Table 1.1 summarizes these 

studies. Four of the most studied regions are discussed in detail below along with 

important neural systems proposed to be involved in LI.  

Nucleus accumbens 

One of the key regions of interest to stem from lesion studies and 

pharmacological interventions is the nucleus accumbens. Early studies were 

inconsistent as to effects of nucleus accumbens lesions on the LI paradigm. Some 

studies showed that anatomical lesions and disruptive pharmacological infusions in the 

accumbens disrupted LI (Solomon & Staton, 1982), others demonstrated facilitation of LI 

(Joseph et al., 2000), and others showed no effect on LI (Killcross et al., 1995; Gray et 

al., 1997; Weiner et al., 1999). These inconsistencies led researchers to further 

investigate where lesions or pharmacological infusions were made. For example, it was 

found that lesions to the accumbens shell disrupted LI (Tai et al., 1995; Weiner et al., 

1996; Weiner et al., 1999; Jongen-Relo et al., 2002). One study using a conditioned 

drink suppression paradigm demonstrated that LI was disrupted with lesions to the 

accumbens shell, while lesions to the core or entire nucleus accumbens facilitated the 

effect (Gal et al., 2005). It is this separation of lesion effects between the shell and the 

core that led to nucleus accumbens’ role in the proposed switching model of LI. 

According to the switching model, the nucleus accumbens shell receives information 



 6 

from the stimulus-no event and stimulus-event contingencies and is responsible for 

mediating the appropriate behavior (Weiner & Feldon, 1997). 

Amygdala 

The effects of electrolytic lesions to the basal lateral amygdala are inconsistent. 

In a fear, conditioning paradigm facilitation of LI was observed (Schiller & Weiner, 2004, 

2005). In other studies using a similar fear conditioning paradigm, disrupted LI was 

observed (Coutureau et al., 2001; St Andre & Reilly, 2007). At present, there is no strong 

evidence in support for the basolateral amygdala’s involvement with LI. Additionally, no 

effect has been observed with lesions to the central amygdala (St Andre & Reilly, 2007). 

Interest in the amygdala’s involvement in LI is most likely due to its role in emotional 

memory; however if a predictive relationship is never formed between a neutral stimulus 

and an emotional event, then the activation of the amygdala may not be observed. 

Hippocampus 

The hippocampus was proposed to play a role in LI due to its link in other 

learning and memory paradigms; however, lesions to the hippocampus have also 

yielded ambiguous results. Studies have shown facilitation (Purves et al., 1995; Holt & 

Maren, 1999), disruption (Ackil et al., 1969; Solomon & Moore, 1975; Schmajuk et al., 

1994; Han et al., 1995), and no effect on LI (Clark et al., 1992; Honey & Good, 1993; 

Reilly et al., 1993; Coutureau et al., 1999; Shohamy et al., 2000; Pouzet et al., 2004). It 

is possible that the varying effects observed with lesions to hippocampus are due to its 

role in context-specific learning, with more dramatic changes in context resulting in 

activation of the hippocampus in a LI paradigm.  
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Entorhinal cortex 

The entorhinal cortex has extensive inputs to the hippocampus and is thought to 

play a role in memory consolidation. Weiner (2003) proposed the entorhinal cortex 

serves an important role during preexposure providing the accumbens shell with 

information regarding the motivational relevance of a stimulus. According to the 

switching model of LI, if a stimulus predicts no outcome, then it is regarded as irrelevant 

and this information is sent to the accumbens shell via the entorhinal cortex.  Without 

input from the entorhinal cortex LI would not be observed. In fact, conditioned drink 

suppression and eye blink conditioning studies demonstrated that lesions to the 

entorhinal cortex disrupt LI (Yee et al., 1995; Coutureau et al., 1999; Shohamy et al., 

2000; Coutureau et al., 2001; Coutureau et al., 2002; Seillier et al., 2007). 

Medial prefrontal cortex 

Behaviorally, it is interesting to compare LI and extinction since they both result 

in similar behavioral outcomes with the only difference in training parameters being the 

sequence in which stimulus-alone presentations occur. Biologically, it is interesting to 

compare the two learning phenomena, since extinction may also involve a switching 

mechanism. In extinction of conditioned fear cortical regions such as the prefrontal 

cortex and infralimbic cortex have been shown to be important (Milad & Quirk, 2002; 

Barrett et al., 2003; Milad et al., 2004; Bruchey et al., 2007). The medial prefrontal cortex 

has been proposed to act as an inhibitor of a conditioned emotional response (Barrett et 

al., 2003). Despite the role of the frontal cortex in the similarly related learning 

phenomenon of extinction, there has been no strong evidence of prefrontal cortex 

involvement in LI. Lesions to the medial prefrontal cortex have resulted in no effect to LI 
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paradigms (Joel et al., 1997; Lacroix et al., 1998; Lacroix et al., 2000a; Lacroix et al., 

2000b). 

Neurotransmitter systems 

The role of the dopaminergic system in LI has been investigated in studies 

involving the administration of typical and atypical antipsychotic drugs. For example, 

studies have demonstrated that rats treated with haloperidol or clozapine persisted in 

exhibiting latent inhibition when the number of conditioning trials was increased to the 

point of disrupting the effect in control animals (Weiner et al., 1997a; Weiner et al., 

1997b). It has also been proposed that antipsychotic administration promotes the 

expression of the stimulus-no event contingency during the conditioning phase, resulting 

in potentiated LI, rather than facilitate the acquisition of this contingency during the 

preexposure phase (Weiner et al., 2003). The role of the dopaminergic system has since 

been extensively explored in LI (Weiner et al., 1984; Weiner & Feldon, 1987; Weiner et 

al., 1987a; Weiner et al., 1987b; Weiner et al., 1988; Weiner et al., 1997a; Weiner et al., 

1997b; Russig et al., 2002; Russig et al., 2003; Peleg-Raibstein et al., 2008). 

The role of the serotonergic system has also be investigated in LI. Disruption of 

LI has been observed in several studies investigating the role of the serotonergic 

system. Lesions to the medial and dorsal raphe have both resulted in disruption to LI 

(Solomon et al., 1980). 5HT2a antagonists, such as ritanserin, have also resulted in the 

disruption of LI. Since the serotonergic system has been implicated in arousal and 

attention, it has been proposed that this system plays an important role in the processing 

of the stimulus-no event association (Weiner, 2003) 
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Finally, glutamatergic involvement in LI has been demonstrated with studies 

investigating the effects of NMDA antagonists. Administration of NMDA antagonist, such 

as phencyclidine (PCP), ketamine, and MK-801 resulted in no effect to the LI paradigm 

(Weiner & Feldon, 1992; Robinson et al., 1993; Becker et al., 2003); however under 

conditions where LI would be disrupted, these NMDA antagonists resulted in facilitation 

of the paradigm (Gaisler-Salomon & Weiner, 2003). Much is still unknown about the role 

of the glutamatergic system in LI since there is no clear involvement of the system in the 

preexposure or conditioning phase of LI. 

The lesion and pharmacological studies have identified key brain regions and 

systems involved with LI and offer support for the proposed switching model of LI; 

however, a single region does not act independently from the rest of the brain. Inhibition 

on the behavioral switching mechanism in the nucleus accumbens from the 

hippocampus is likely dependent on information received from multiple brain regions, 

including sensory processing regions. To investigate the underlying functional neural 

networks in a learning paradigm, such as LI, it is useful to use noninvasive methods that 

do not disrupt an intact brain and sever important anatomical connections between 

regions. One such approach is to use cytochrome oxidase (CO) histochemistry. 
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Table 1.1. Summary of lesion effects on LI 

Lesioned Region Effect Study 
accumbens no effect Killcross & Robbins, 1993; Gray et al., 1997; Weiner et al., 1999; Restivo et al., 2002 
 disrupted Solomon & Staton, 1982 
 facilitated Joseph et al., 2000 
   
accumbens shell 
 

disrupted 
 

Tai et al., 1995; Weiner et al., 1996; Weiner et al., 1999; Jongen-Relo et al., 2002; Gal 
et al., 2005 

   
accumbens core no effect Weiner et al., 1996; Jongen-Relo et al., 2002 
   
basolateral amygdala  no effect Weiner et al., 1995 
 disrupted Schauz & Koch, 2000; Coutureau et al., 2001; St Andre & Reilly, 2007 
 facilitated Schiller & Weiner, 2004, 2005 
   
central amygdala no effect St Andre & Reilly, 2007 
   
Hippocampus 
 

no effect 
 

Clark et al., 1992; Honey & Good, 1993; Reilly et al., 1993; Coutureau et al., 1999; Holt 
& Maren, 1999; Shohamy et al., 2000; Pouzet et al., 2004 

 
disrupted 
 Ackil et al., 1969; Solomon & Moore, 1975; Schmajuk et al., 1994; Han et al., 1995 

 facilitated Honey & Good, 1993; Purves et al., 1995; Holt & Maren, 1999 
   
fornix-fimbria no effect Weiner et al., 1998; Pouzet et al., 1999 
 disrupted Cassaday et al., 1993 
   
entorhinal cortex 
 

disrupted 
 

Coutureau et al., 1999; Shohamy et al., 2000; Coutureau et al., 2002; Seillier et al., 
2007 

   
orbitofrontal cortex facilitated Schiller & Weiner, 2004 
   
medial prefrontal cortex no effect Joel et al., 1997; Lacroix et al., 1998; Lacroix et al., 2000a; Lacroix et al., 2000b 
   
lateral prefrontal cortex no effect Lacroix et al., 2000b 
   
insular cortex disrupted Roman & Reilly, 2007 
   
medial dorsal thalamus disrupted Nicholson & Freeman, 2002 
   
median raphe disrupted Solomon et al., 1980 
   
dorsal raphe disrupted Solomon et al., 1980 
   
medial septum facilitate Turgeon et al., 2001 
   
basalis magnocelluaris no effect Schauz & Koch, 1999 
   
auditory cortex facilitated Melo et al., 1997 
   
dorsal bundle no effect Tsaltas et al., 1984 
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METABOLIC MAPPING USING CYTOCHROME OXIDASE HISTOCHEMISTRY 

Wong-Riley (1989) first described cytochrome oxidase (CO) as an endogenous 

marker of neuronal metabolic capacity. CO is the terminal enzyme of the electron 

transport chain that is the site of oxidative phosphorylation and adenosine triphosphate 

(ATP) synthesis (Wikström et al., 1981). Neurons utilize ATP to maintain ion balance via 

the Na+/K+ pump. Increased neuronal firing requires more ATP to provide the energy 

needed to move ions against their electrical gradient in order to maintain charge 

separation and sustain the resting membrane potential (Hevner et al., 1992). 

Consequently, CO activity adjusts according to a neuron’s energy demand and reflects 

the metabolic capacity of a cell. 

 It has been proposed that a change in a region’s metabolic capacity is due to the 

amount of glutamatergic inputs to that region. After glutamatergic excitation, a neuron’s 

repolarization utilizes the majority of ATP to move ions against their concentration and 

electrical gradients (Wong-Riley, 1989). Consequently, regions that show high levels of 

cytochrome oxidase activity contain a large number of excitatory glutamatergic (NMDA) 

receptors. Moreover, suppression of excitatory transmission results in a decrease in CO 

activity and glutamatergic receptor levels (Wong-Riley & Jacobs, 2002; Bai & Wong-

Riley, 2003). The regulatory coupling of glutamatergic inputs and cytochrome oxidase 

activity has also been demonstrated at the molecular genetic level. It was found that 

cytochrome oxidase and NMDA receptor subunits are regulated by the same 

transcription factors (Dhar et al., 2008; Dhar & Wong-Riley, 2009).  

Gonzalez-Lima (1992) introduced the use of quantitative CO histochemistry for 

the study of learning functions. CO is well-suited to quantify long-term modifications of 
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neuronal metabolic capacity, since CO activity represents a more stabilized state of 

oxidative metabolism than measures that reflect an activational responses to a stimulus, 

such as fluorodeoxyglucose (FDG) uptake (Sakata et al., 2000). As neuronal energy 

demand to form learned associations changes, so does the induction of the respiratory 

enzyme cytochrome oxidase. Therefore, cytochrome oxidase can be used as an 

endpoint metabolic marker of the effects of experience on regional brain metabolic 

capacity.  

CO maps the long-term “potential” energy or metabolic capacity of a neuron 

measured as levels of enzymatic induction, whereas FDG maps the activational “kinetic” 

energy or metabolic consumption measured as levels of glucose analog uptake. 

Consequently, the main goal of a CO experiment is not to evaluate acute changes in 

functional activity over a period of seconds or minutes in response to a stimulus as in the 

case of FDG, blood flow or fMRI. Instead a CO study is intended to visualize chronic 

modifications over hours or days in oxidative energy demand on brain regions involved 

with a learning paradigm. These modifications in metabolic capacity have been shown to 

be long lasting. For example, it was found that increases in CO activity are observed 28 

days following the administration of electroconvulsive shocks (Nobrega et al. 1993). 

Thus CO is suitable to study changes in brain metabolic capacity in behavioral learning 

paradigms that involve several days of training. In fact, CO histochemistry has previously 

been used successfully to detect subtle differences in regional brain metabolic capacity 

in behavioral learning tasks such as Pavlovian conditioning of tones and shocks 

(Poremba et al., 1997, 1998a; Conejo et al., 2005). 
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CYTOCHROME OXIDASE METABOLIC DATA AND FUNCTIONAL NEURAL NETWORKS 

Changes in metabolic capacity can be used to build a network model that 

describes relationships between regions and how they are modified across different 

behavioral training paradigms. CO data can be used to computer causal relationships 

between two or more regions through a combination of anatomical path information with 

correlated changes in metabolic capacity. For example, if region A and region B are 

positively correlated, then an increase in CO activity after training in one region is 

associated with a corresponding increase in the other or with a third region C driving 

both A and B. But, a functional neural network based on known anatomical connections 

can provide an indication of how much one region influences another, the degree of that 

region’s influence in the entire network, and how much of the influence is within rather 

than outside the neural network. To analyze such a decomposition of causal influences 

between regions in a network requires the use of causal mathematical methods, such as 

path analysis.  

The path analysis approach, also known as structural equation modeling (SEM) 

was first applied to brain mapping by McIntosh and Gonzalez-Lima (1991) in a study of 

auditory system FDG uptake following long-term habituation. SEM has since been used 

to analyze neural network interactions in other mapping studies using CO 

histochemistry, FDG, blood flow and fMRI data (e.g. McIntosh & Gonzalez-Lima, 1992, 

1993, 1994, 1995; Buchel & Friston, 1997; Bruchey et al., 2007; O'Reilly et al., 2009). 

Another leading approach to analyze causal influences in brain networks is dynamic 

causal modeling (Mechelli et al., 2004; Penny et al., 2004). However, this approach 

requires temporal sampling of activational responses in the brain. Using CO activity 
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data, the SEM approach is better suited for analysis of stable network interactions 

because CO histochemistry maps the cumulative endpoint of neuronal enzymatic 

induction after prolonged training (Gonzalez Lima & Cada, 1998). 

In SEM of CO data the functional interrelationships between anatomically 

connected brain regions are given a numeric weight, or path coefficient, derived through 

a process of iterative data-fitting. Specifically, these path coefficients represent the 

proportion of CO activity in one area determined by the CO activity of other areas that 

project to that region. These paths quantify the influences between regions and how they 

are modified across different behavioral training paradigms. 

 

METHYLENE BLUE AS A METABOLIC ENHANCER 

Methylene blue (MB) is a redox compound that mediates the transport of 

electrons between enzymes and substrates. In its oxidized state MB is blue in color and 

becomes colorless when reduced to leucomethylene blue (O'Leary et al., 1968). In 

addition to a stain for nervous tissue, MB has also been used therapeutically for the 

treatment of methemoglobinemia (May et al., 2003), encephalopathy (Pelgrims et al., 

2000), and ischemia (Kelner et al., 1988). MB has also been used in the management of 

manic depression (Naylor et al., 1986) and schizophrenia (Allexsaht, 1938; Deutsch et 

al., 1997). MB can affect the brain because of its ability to cross the blood brain barrier, 

which is evident by the finding that concentrations of MB are ten times higher in the brain 

than in the circulation one hour after intraperitoneal (i.p.) administration in rats (Peter et 

al., 2000).   
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MB has a strong affinity for the mitochondrial membrane due to its cationic and 

lipophilic properties (Visarius et al., 1999). Within the mitochondria MB accepts electrons 

near complex I and complex III of the electron transport chain while LMB donates 

electrons near cytochrome c between complexes III and IV (Scott & Hunter, 1966). 

Previous studies have shown that MB’s shuttling of electrons can cause an increase in 

mitochondrial respiration. For example, low concentrations of MB were shown to 

stimulate mitochondrial respiration in the liver (Visarius et al., 1997). Additionally, low 

doses were shown to increase cytochrome c oxidation in vitro (Callaway et al., 2004) 

and in vivo (Gonzalez-Lima & Bruchey, 2004) in the rat brain. The effect of MB on 

cytochrome c oxidation, which is involved in ATP synthesis, and mitochondrial 

respiration has been proposed to facilitate learning and memory processes by increasing 

neuronal metabolic capacity (Riha et al., 2005). 

 The first effects of MB on memory were reported by Martinez et al. (1978). In 

this initial study of the effects of MB on memory, rats were trained on an inhibitory 

learning paradigm and then given i.p. injections of 1 mg/kg MB. Rats given MB after 

training showed enhanced retention when tested 24 hours later. Increased spatial 

memory retention was also found in rats trained with a holeboard food search task with 4 

mg/kg MB i.p. injections (Callaway et al., 2002; Callaway et al., 2004). Specifically, it 

was found that MB restored retention for spatial memory tasks when impaired by sodium 

azide, an inhibitor of the cytochrome oxidase enzyme. The same dose of MB 

administered 30 minutes after tone-alone presentations in a Pavlovian extinction study 

was also shown to enhance retention of extinction memory in normal rats and in a strain 

of congenitally helpless rats (Gonzalez-Lima & Bruchey, 2004; Wrubel et al., 2007a) .  
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MB has been proposed as a neuroprotector against optic neuropathy  (Zhang et 

al., 2006; Rojas et al., 2009a) and striatal neurotoxicity (Rojas et al., 2009b). This is of 

interest since studies have proposed the cause of schizophrenia to be related to 

neurotoxicity (Wang et al., 2009; Zhang et al., 2009a; Zhang et al., 2009b). Since LI is 

disrupted in schizophrenia it is possible that MB, acting as a metabolic enhancer and 

neuroprotector, may reduce LI behavioral deficits associated with schizophrenia.. These 

findings stress the need to further investigate the role of MB in LI and behavioral 

symptoms associated with schizophrenia. 

SUMMARY 

Our laboratory has successfully identified functional interactions between specific 

brain regions in other learning paradigms including Pavlovian extinction (Barrett et al., 

2003; Bruchey et al., 2007), differential inhibition (Jones & Gonzalez-Lima, 2001a) and 

blocking (Jones & Gonzalez-Lima, 2001b) using metabolic mapping techniques. These 

previous studies have demonstrated the importance of early sensory processing regions, 

such as the ventral cochlear nucleus, in learning paradigms. Sensory processing regions 

have not been fully explored in LI. The overall aim of the present research is to 

investigate the role of auditory processing regions in LI and their functional interactions 

with other regions in the brain. Our general hypothesis is that if early sensory processing 

mediates the behavioral expression of LI, then CO histochemistry and SEM will reveal a 

unique network of functional interactions that involves the gating of sensory information. 

Our lab has previously described functional neural networks in Pavlovian 

extinction (Bruchey et al., 2007). LI is similar to extinction in that both paradigms result in 

the same outcome, reduced expression of a behavioral response despite different 
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training procedures. In extinction reduced behavioral expression results from stimulus 

alone presentations after conditioning, whereas in LI stimulus alone presentations occur 

prior to conditioning. Does LI depend on similar neural mechanisms as extinction and 

other similar learning paradigms, or are there separate sets of neural interactions 

reflected by differences in sensory processing? This question is addressed by the 

experiments discussed in Chapters 2 and 3.  

As discussed above, there are proposed neural network models of LI based on 

lesion studies and pharmacological interventions. Another question of interest is whether 

theoretical models of LI based on lesion studies, such as the switching model, are 

substantiated with metabolic data and structural equation modeling. This question is 

addressed in Chapter 4. Finally, with the potential of LI to model behavioral deficits 

involved with schizophrenia, it is of interest to investigate the neural mechanism 

underlying disruption and facilitation of LI. One last question of interest is how do the 

neural mechanisms underlying LI change when LI is disrupted or facilitated with a 

metabolic enhancer, such as methylene blue. This question is addressed by the 

experiments discussed in Chapters 5 and 6.  
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Chapter 2: Metabolic mapping of latent inhibition in the mouse 

brain 

INTRODUCTION 

 The neural mechanisms underlying LI have been explored through lesion 

studies, where a brain region is severed and disruption or facilitation of LI is measured. 

Regions thought to be involved with LI based on lesion studies include the nucleus 

accumbens (Tai et al., 1995; Weiner et al., 1996; Weiner et al., 1999; Jongen-Relo et al., 

2002; Gal et al., 2005), the basolateral amygdala (Coutureau et al., 2001; Schiller & 

Weiner; Schiller & Weiner; St Andre & Reilly, 2007), hippocampus (Ackil et al., 1969; 

Solomon & Moore, 1975; Honey & Good, 1993; Schmajuk et al., 1994; Holt & Maren, 

1999; Schiller & Weiner, 2004) and the entorhinal cortex (Yee et al., 1995; Coutureau et 

al., 1999; Coutureau et al., 2000; Shohamy et al., 2000; Coutureau et al., 2002; Seillier 

et al., 2007). Despite the knowledge gained from lesion studies, it is difficult to elucidate 

whether in fact the lesioned brain region is responsible for the observed effect. It is 

possible that a brain region with projections to or passing through the lesioned area is 

involved. Thus, a non invasive technique, such as CO histochemistry, would be useful in 

indentifying brain regions associated with LI. The goal of the present study is to 

determine if the regions described in previous lesion studies show differences in CO 

metabolic capacity during LI in a fear conditioning paradigm. 

 We hypothesized that changes in metabolic capacity associated with LI would 

be found in the nucleus accumbens, basolateral amygdala, and entorhinal cortex in 

addition to auditory and hippocampal regions. A comparison of neural mechanisms 
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between LI and Pavlovian extinction was also of interest since both produce a similar 

behavioral outcome with stimulus alone presentations. We found changes in regional 

brain metabolic capacity specific to LI that included hippocampal and auditory regions, 

but not the nucleus accumbens, basolateral amygdala, or entorhinal cortex. 

METHODS 

Subjects 

Subjects consisted of 48 male CBA/J mice, 5 weeks of age when delivered from 

the supplier (Jackson Laboratory, Bar Harbor, ME). Six subjects were used in a pilot 

study to determine training parameters that would produce an attenuated conditioned 

response (CR) with repeated preexposure to the conditioned stimulus (CS). The 

parameters chosen for the pilot were based on a design from a previous study of 

Pavlovian extinction (Barrett et al., 2003). Three of the piloted preexposed subjects were 

included in the subsequent CO study.  

Subjects were divided into four groups: latent inhibition (n = 12), extinction (n = 

11), acquisition (n = 11), and naïve (n = 11). Subjects were housed under standard 

laboratory conditions, four to a cage, with a 12 hr light/dark cycle and ad libitum access 

to food and water. All subjects, except the naïve control group, were handled every day 

for 7 d before the start of training. All animal experimentation was approved by the 

University of Texas Institutional Animal Care and Use Committee and complied with all 

applicable federal and NIH guidelines. 
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Apparatus 

Acquisition training occurred in an excitatory context (context A), which consisted 

of a 22 x 14 x 22 cm conditioning chamber (MED Associates, St. Albans, VT) enclosed 

in a sound-attenuated box illuminated with red light. Two sides of the chamber were 

aluminum, with clear Plexiglas for the front, back, and top. Tones were generated by two 

Wavetek Sweep / Modulation generators (Wavetek, San Diego, CA). The acoustic CS 

was a frequency-modulated tone of 1-2 kHz, two sweeps per second, 15 sec in duration, 

with an intensity of 65 dB measured at the center of the chamber floor. The 

unconditioned stimulus (US) was a 0.5 mA foot shock, 0.75 sec in duration delivered 

through metal bars 0.6 cm apart that formed the floor of the chamber and were wired to 

a Lafayette Instruments Master Shocker (Lafayatte Instrument Co., Lafayette, IN). 

Stimuli presentation was controlled by computer programs created using the MED-PC 

for Windows programming language (MED Associates). Between sessions the operant 

chambers were washed with soap. 

Tone preexposure, extinction, and CS probe trials occurred in a separate neutral 

context (context B), which consisted of a 19 x 25 x 15 cm clear plastic cage placed in a 

testing room illuminated with red light. A lid with a mounted speaker was placed on top 

of each plastic cage. The attached speakers were wired to the same tone generators 

used for Context A, which delivered the same tone CS used during acquisition training. 

Between sessions, each box was washed and swabbed with an iodine solution to 

provide a distinctive olfactory environment.  
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Behavioral Training 

Conditioned behavior 

The CR measured was freezing behavior, operationally defined as the mouse 

having all four feet on the floor, with minimal head movements and shallow, rapid 

breathing for at least 3 sec. Each 15 sec tone was divided into five 3 sec bins and the 

subject’s behavior was scored for each of those bins during two CS probe sessions. 

Behavior was also recorded for the 15 sec before the onset of tone, to provide a 

comparison of activity with and without the CS. Behavior was scored by the same 

trained observer, who was blind to the subject’s group assignment. 

Experimental design 

Subjects were randomly assigned to one of four training conditions: latent 

inhibition, acquisition, extinction, or naïve control (Table 2.1). The first three groups 

underwent tone-shock pairings, but the latent inhibition group received tone-alone 

presentations prior to paired trials and the extinction group received tone-alone sessions 

after acquisition training. The naïve control group was left unhandled for the duration of 

the training.  
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Table 2.1. Experimental Design 

Groups Phase I Probe I Phase II Probe II 
Latent Inhibition (tone alone before acquisition) T (B) No CR (B)  T → S (A) No CR (B) 
Acquisition (no tone alone before or after training) T → S (A) CR (B) No T (B) CR (B) 
Extinction (tone alone after acquisition) T → S (A) CR (B) T (B) No CR (B) 
Naïve control (no training or handling) ─ ─ ─ ─ 

 

T = 1-2 kHz tone sweep (15 sec); S = 0.5 mA foot shock (0.75 sec); → = co-terminating 

tone and shock; CR = freezing behavior scored during 15 sec tone; (A) = context A; (B) 

= context B. 
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Phase I  

Training consisted of an hour habituation period to context A. After the initial 

habituation period, the latent inhibition group received three days of tone preexposure in 

context B, while the acquisition and extinction groups received two days of training in 

context A. Tone preexposure for the LI group consisted of 90 tone alone presentations, 

15 sec in duration and 40 sec apart, over the course of one hour, resulting in a total tone 

alone exposure time of 67.5 min. Tone-alone exposure for the LI and extinction groups 

were equated based on the total amount of tone exposure. Acquisition training consisted 

of four 15-sec tone presentations with a 0.75 sec coterminating foot shock. Intertrial 

intervals during acquisition training ranged from 2, 2.5, 3, 3.5, to 4 min and were 

pseudorandomly assigned by the MED-PC program. 

Phase II 

At the start of the second phase of training, each subject was placed in context B 

for 15 min and given four presentations of the CS. Behavior was scored as described 

above. After this initial probe session (probe I), subjects in the LI group were placed in 

context A where they underwent two days of acquisition training as described above. 

Subjects in the extinction and acquisition groups were placed in context B for two 1 hr 

sessions. During the hour session, the extinction group received 60 presentations of the 

CS, 15 seconds in duration with 45 sec between each presentation. An additional 

session increased the total tone alone exposure time to 67.5 min as in the LI group. The 

acquisition group was exposed to context B, but received no stimulus presentation 

during the 1 hr extinction sessions.  
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Final probe and tissue collection 

The last day of training consisted of a second probe session (probe II) identical to 

the probe I session described above. The extinction and acquisition groups received 

injections of fluorodeoxyglucose (FDG) for a separate study of tone-evoked brain activity 

(see Barrett et al., 2003). All subjects were quickly decapitated with a guillotine. Brains 

were removed and frozen in -40°C isopentane for ~ 5 min. Sections of each brain were 

cut at 40 μm at -20°C on a Reichert-Jung 2800 Frigocut E cryostat. Two series of 

adjacent sections were picked up on slides and stored at -40°C. One series was 

processed using cytochrome oxidase histochemistry.  

Cytochrome oxidase histochemistry 

Sections were processed for quantitative cytochrome oxidase histochemistry 

using previously described procedures (Gonzalez-Lima & Garrosa, 1991; Gonzalez-

Lima & Cada, 1994). In brief, slides were treated for five min in a phosphate buffer (0.1 

M, pH 7.6) containing 10% w/v sucrose and 0.5% v/v glutaraldehyde to facilitate tissue 

adherence to slides. Three changes at five min each of phosphate buffer (0.1 M, pH 7.6) 

containing 10% w/v sucrose followed in order to remove blood cells. Slides were then 

placed for 10 min in a Tris buffer (0.05  M, 7.6 pH) containing 275 mg/L of cobalt 

chloride, 10% w/v sucrose, and 0.5% v/v dimethylsulfoxide for metal intensification to 

enhance staining contrast. Afterwards, slides were placed for five min in phosphate 

buffer rinse (0.1 M, pH 7.6), then incubated for 1 hr at 37°C in 700 mL of oxygen 

saturated reactive solution containing 350 mg of diaminobenzedine tetrahydrocholoride, 

52.5 mg of cytochrome c, 35 gm of sucrose, 14 mg of catalase, and 1.75 ml of 

dimethylsulfoxide in phosphate buffer. A 10% sucrose phosphate buffer with 4% v/v 
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formalin was used to stop the reaction and fix the tissue by immersing the slides for 30 

min. Finally, slides were dehydrated with ethanol, cleaned with xylene, and coverslipped 

with Permount.  

Anatomically matched sections from all groups were stained in the same batch to 

remove the possibility of interbatch variability as a confound between subject groups. 

Sets of homogenized brain tissue standards were also included in each batch of slides. 

These standards were used to quantify enzymatic activity and control for staining 

variability across different batches of cytochrome oxidase staining. For details on 

standard preparation and quantification see Gonzalez-Lima and Cada (1994). 

 Image analysis 

A stereotaxic atlas of the mouse brain (Paxinos & Franklin, 2001), as well as a 

cytochrome oxidase atlas of the rat brain (Gonzalez Lima & Cada, 1998), was used to 

properly identify representative sections chosen for analysis. Optical density (OD) in the 

CO stained sections was analyzed using an image-processing system consisting of a 

high-gain video camera, a Targa-M8 image capture board, a 486 computer, Sony color 

monitor, DC-powered illuminator, and JAVA software (Jandel Scientific, San Rafael, 

CA). The system was calibrated using an OD step tablet (Kodak, Rochester, NY) and 

the OD of the brain sections was used as a chromatic indicator of CO activity. A 

background subtraction image was used to remove optical artifacts produced by the 

camera. 

A calibration curve was created from standards made up of whole brain 

homogenate using spectorphotometry. With known CO activity values, a single 

regression equation was used to account for between-batch staining differences. These 
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standards were linear in range from 10 to 80 μM thickness. Multiple readings were taken 

from left and right sides of each section to avoid artifacts. For each brain region 

analyzed, 12 readings per region per brain were taken (four readings per section from 

three adjacent sections per brain). For each region measured, the size of the 

densitometer window was set to approximate one quarter of the size of the whole region. 

Adjacent measurements were taken and averaged to sample the entire region. The 

averaged measures resulted in one mean value per region for each subject. The size of 

the window was held identical across subjects, as was the number of readings for each 

ROI. Thus the area measured was constant across all animals and was limited to the 

anatomical region of interest.  

Statistical analyses 

Behavior  

Differences between groups in behavior and regional brain activity were analyzed 

with SPSS 11.5 software using one-way analysis of variance (ANOVA). Post hoc 

analysis of data was performed using Hochberg’s modified Bonferroni correction 

procedure (Hochberg, 1988). The significance level was set at corrected p < 0.05. 

Changes in freezing behavior across training days and differences in behavior 

between groups were evaluated on the basis of probe trial data. Freezing scores ranging 

from 0 to 5 were averaged across four tone-alone presentations during each probe 

session and converted from a raw count to a percentage. Evidence of latent inhibition 

was evaluated by comparing behavior in the latent inhibition group to behavior in the 

acquisition and extinction groups during the second probe.  
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Regional mean activity 

Regions of interest (ROIs) were analyzed for group differences. Measures of CO 

activity were not obtained for some regions due to poor tissue quality or sections missing 

the appropriate anatomical level for a particular ROI. This resulted in a smaller n for 

some regional comparisons. In the case of the infralimbic cortex, tissue quality was 

extremely poor for that particular Bregma level and consequently the ROI was dropped 

from the analysis. A total of 46 ROIs were measured. 

  A measure of global activity was obtained by taking an average intensity reading 

from the entire set of sections imaged for a single subject. Regional measures of CO 

activity for each subject were then divided by the global mean for that particular subject 

and multiplied by the average mean activity of the naïve group to convert the units into 

those of enzymatic activity (μmol/min/g wet tissue). Regional activity was averaged 

across subjects for each group to obtain mean ± standard error of mean.  

RESULTS 

Behavioral results 

The average freezing percentages during both tone-alone probe trials for the 

latent inhibition, acquisition, and extinction groups are shown in Figure 2.1. The 

acquisition and extinction groups both showed a high percentage of freezing after 

acquisition training (~80%) in the first probe session. After acquisition training the latent 

inhibition group only froze 24% of the time. This percentage of freezing in the latent 

inhibition group was significantly lower compared to the acquisition group’s probe II data 

(F(1, 21) = 163.81; p < 0.01). The observed effect between the preexposed latent inhibition 
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group and the non-preexposed acquisition group constitutes the traditional comparison 

used to demonstrate the latent inhibition effect. 

The attenuated freezing response in the latent inhibition group was also 

comparable to the CR in the extinction group. There was no significant difference in 

freezing behavior between the latent inhibition and extinction groups during the phase II 

probe. The extinction group, however, did show a significant decrease in freezing 

behavior compared to its phase I probe (F(1, 10) = 596.40; p < 0.01) and compared to the 

acquisition group during the phase II probe (F(1, 20) = 247.86; p < 0.01). These findings 

demonstrate that extinction training was effective at extinguishing the tone-evoked 

freezing behavior. 

Finally, there was no significant freezing behavior during the tone-off periods 

preceding each stimulus presentation (pre-CS). The mean pre-CS freezing percentage 

for each of the three trained groups was low and ranged from 0-6%. The lack of freezing 

behavior during the pre-CS interval confirms that contextual excitatory effects were not 

transferred from context A to B and that the observed CR was evoked by the tone.  
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Figure 2.1.  Average freezing behavior. Data averaged across four tone CS 

presentations during probe session I and probe session II are shown for the 

three training groups. Black bars represent freezing percentages during 

probe I; White bars represent freezing percentages during probe II. No 

freezing was observed in the latent inhibition group during probe I. 
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Mean brain CO activity results 

Of the 46 total regions of interest measured, 14 showed significant overall effects 

(ANOVA, p < 0.05) and significant pair-wise differences after the Hochberg Bonferroni 

correction for group comparisons (p < 0.05). Four classes of effects were observed: (1) 

LI effects; (2) acquisition effects; (3) extinction effects; and (4) effects common to trained 

groups. A summary of these effects are shown in Table 2.2 and analyzed ROIs are 

illustrated in Figure 2.2. 
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Table 2.2.  Significant group effects in mean cytochrome oxidase activity values ± 

standard error of mean (µmol/min/g tissue wet weight) 

   Latent Inhibition   Acquisition   Extinction   Naive 
1. Latent inhibition (LI) effects           

LI greater than acquisition        
Perirhinal cortex (PER)  334 ± 15  250 ± 30  306 ± 23  266 ± 16 

LI greater than acquisition and naïve        
Anterior hippocampus CA1* (rCA1) 322 ± 15  253 ± 24  292 ± 18  234 ± 14 

LI greater than extinction        
Ventral cochlear nucleus, anterior (VCA) 447 ± 15  401 ± 18  357 ± 26  407 ± 19 

LI lower than naïve        
Medial geniculate nucleus, dorsal (MGD) 288 ± 11  303 ± 15  328 ± 7  336 ± 12 
Medial geniculate nucleus, ventral (MGV) 294 ± 11  314 ± 13  337 ± 10  343 ± 11 

2. Acquisition effects        
Acquisition lower than LI and naive        

Caudate putamen, caudal* (CPc) 325 ± 12  235 ± 24  308 ± 26  321 ± 17 
Acquisition lower than LI and extinction         

Anterior hippocampus CA3 (rCA3) 336 ± 12  245 ± 22  333 ± 28  302 ± 17 
3. Extinction effects        

Extinction greater than LI        
Medial septum (MS) 272 ± 6   309 ± 16  329 ± 17  292 ± 16 

Extinction greater than acquisition        
Auditory cortex, dorsal (TE1) 292 ± 9  270 ± 10  329 ± 12  297 ± 19 

Extinction greater than naïve        
Auditory cortex, ventral* (TE3) 267 ± 7   268 ± 11  296 ± 10   245 ± 13 
Insular cortex* (INS) 294 ± 8  309 ± 15  329 ± 15   268 ± 9 

4. Effects common to trained groups        
LI and extinction lower than naïve        

Cerebellar vermis (CBV) 337 ± 15  354 ± 12  348 ± 21  417 ± 19 
All groups lower than naive        

Spinal trigeminal nucleus* (ST) 322 ± 15  342 ± 15   324 ± 22  415 ± 18 
External cuneate* (ECu) 280 ± 15  272 ± 12  281 ± 17   418 ± 20 

 
All of the indicated group differences are significant at p < 0.05 (* significant at p < 0.01) 
after Hochberg’s modified Bonferroni correction for multiple comparisons  
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Figure 2.3 . Coronal brain diagrams depicting regions of interest by Bregma level. The 

significant mean CO activity differences (p < 0.05) are indicated in bold 

face. Anterior-posterior Bregma coordinates are indicated below each 

diagram. MFC = medial frontal cortex, LFC = lateral frontal cortex, SFr = 

sulcal frontal cortex, AO = anterior olfactory nucleus, Cg2 = anterior 

cingulate, LS = lateral septum, MS = medial septum, INS = insular cortex, 

VDB = vertical diagonal band nucleus, AcbSh = accumbens shell, AcbC = 

accumbens core, rCA1 =  anterior hippocampus CA1, rCA3 = anterior 

hippocampus CA3, Hb = lateral habenula, CPc = caudal caudate putamen, 

Per = perirhinal cortex, CeA = central amygdala, BLA = basolateral 

amygdala, MeA = medial amygdala, RSpl = retrosplenial cortex, Sub = 

subiculum, Psub = presubiculum, MGD = medial geniculate nucleus dorsal, 

MGM = medial geniculate nucleus medial, MGV = medial geniculate 

nucleus ventral, VTA = ventral tegmental area, cCA1 = posterior 

hippocampus CA1, cCA2 = posterior hippocampus CA2, cCA3 = posterior 

hippocampus CA3, TE1 = auditory cortex dorsal, TE3 = auditory cortex 

ventral, Ent = entorhinal cortex, TE2 = secondary auditory cortex, LL = 

lateral lemniscus, ICD = inferior colliculus nucleus dorsal, ICE =  inferior 

colliculus nucleus external, ICC = inferior colliculus nucleus central, VCA = 

ventral cochlear nucleus anterior, TBN = trapezoid body nucleus, DCN = 

dorsal cochlear nucleus, VCP = ventral cochlear nucleus posterior, CBV = 

cerebellum vermis, ECu = external cuneate nucleus, ST = spinal trigeminal 

nucleus, Sol = Solitary tract, PCRt = parvocellular reticular nucleus. 
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[Section diagrams were reproduced with permission from (Paxinos & 

Franklin, 2001)]. 
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Latent inhibition effects 

The most prominent changes in CO activity for the latent inhibition group were 

found in hippocampal and auditory regions. The one way ANOVA revealed that activity 

in the perirhinal cortex (F(3,36) = 3.57; p< 0.05), CA1 hippocampus (F(3,36) =  5.39; p < 

0.01), dorsal medial geniculate (F(3,31) = 3.72; p < 0.05), ventral medial geniculate (F(3,31) 

= 4.17; p < 0.05), and the anterior ventral cochlear nucleus (F(3,39) = 3.38; p < 0.05) 

differed significantly between groups. The post-hoc analysis further revealed that the 

perirhinal and CA1 metabolic activity in the latent inhibition group was significantly 

greater (27-34%) than activity in the acquisition group. CA1 also showed a 38% increase 

in metabolic activity in the latent inhibition group relative to the naïve group.  

The dorsal medial geniculate and ventral medial geniculate showed a significant 

decrease in CO activity (17%) in the LI group as compared to the naïve control group 

while the ventral cochlear nucleus showed a 25% increase in activity relative to the 

extinction group. No significant differences in mean metabolic capacity were found 

between groups for the nucleus accumbens shell, nucleus accumbens core, and the 

entorhinal cortex, which were proposed to play a role in latent inhibition based on lesion 

and pharmacological studies.  

Acquisition effects 

  Hippocampal and striatal CO activity in the acquisition group was lower relative 

to the other groups. Metabolic capacity in CA3 and caudal caudate putamen differed 

significantly between groups (F(3,36) = 4.92; p < 0.01 and F(3,36) = 4.60; p < 0.01 

respectively). Specifically, CO activity in the caudate putamen was about 37% lower in 
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the acquisition group when compared to the latent inhibition and naïve groups. Activity in 

CA3 was also 35-37% lower in the acquisition group relative to the latent inhibition and 

extinction groups.  

Extinction effects 

Significant differences between groups for the medial septum (F(3,38) = 3.04; p < 

0.05), dorsal auditory cortex (F(3,41) = 3.46; p < 0.05), ventral auditory cortex (F(3,41) = 

3.80; p < 0.05), and insular cortex (F(3,38) = 4.27; p < 0.05) showed effects due to 

extinction. The medial septum showed greater CO activity (21%) in the extinction group 

when compared to the latent inhibition group. Greater activity in TE1 and TE3 was also 

observed in the extinction group relative to the acquisition and naïve groups respectively 

(20-21%). The insular cortex showed a significant increase in CO activity compared to 

the naïve group (22%). There were no significant decreases in activity relative to the 

other groups. 

Effects common to trained groups  

Significant effects common to the three trained groups relative to the naïve 

control group were found mostly in brainstem somatosensory regions. The cerebellar 

vermis (F(3,40) = 4.48; p < 0.01), spinal trigeminal nucleus (F(3,40) = 5.78; p < 0.01), and 

external cuneate (F(3,40) = 18.18; p < 0.01) were found to be statistically different between 

groups. CO activity in the cerebellar vermis was significantly lower in the latent inhibition 

and extinction groups relative to the naïve control (24-30%). The spinal trigeminal 

nucleus and external cuneate showed CO activity that was significantly lower in all 

training groups compared to the naïve group (21-29% and 48-53% respectively).  
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 DISCUSSION 

These findings provide the first comprehensive metabolic map of brain regions 

underlying LI and support the involvement of auditory and hippocampal regions in the LI 

paradigm. Other proposed regions, such as the BLA and medial prefrontal cortex, 

associated with fear conditioning did not show CO effects in this study. Since CO maps 

sustained modifications in energy demand, one possible interpretation is that such 

regions may have a time-limited involvement; e.g., they may be activated initially but 

then return to baseline. This is in agreement with another recent CO study in rats that 

found that several days of tone-footshock conditioning modified the metabolic capacity of 

septo-hippocampal regions, but not the amygdala (Conejo et al., 2005). Interestingly, 

there are inconsistent results in previous studies with lesions to the basolateral 

amygdala disrupting LI in appetitive conditioning in one study (Coutureau et al., 2001) 

and lesions producing abnormally persistent LI in a fear conditioning paradigm (Schiller 

& Weiner, 2005). Other regions thought to play a role in LI were also found to have no 

changes in CO metabolic capacity. 

Based on our results, there is no evidence for the nucleus accumbens in LI. 

According to the switching model of LI (Weiner, 1990; Weiner & Feldon, 1997; Weiner, 

2003) the nucleus accumbens appears to modulate the LI effect. If the accumbens is 

acting as a dynamic modulator of contradicting information, it is possible that variation in 

metabolic activity is better reflected on an individual subject’s basis rather than on the 

cumulative group mean in metabolic activity. Despite the absence of changes in CO 

activity in the basolateral amygdala and nucleus accumbens, changes in CO activity in 

other regions provide an interesting perspective of LI. 
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Changes in metabolic capacity in the hippocampus and perirhinal cortex highlight 

these regions’ involvement in LI. Specifically, increased perirhinal and hippocampal 

metabolic activity in the LI group may reflect a dissociation of converging auditory and 

somatosensory input. This hypermetabolism may in turn affect system level interactions 

between hippocampal and cortical regions during learning (Jones & Gonzalez-Lima, 

2001a). Such metabolic differences in the hippocampal regions support the idea that 

these regions play an important role in relaying information from sensory areas to the 

cortex, which is further supported by changes in CO activity observed in the auditory 

regions. 

The differences in metabolic capacity observed in auditory regions suggest that 

preexposure to the tone elicits an initial response in early auditory processing regions 

(cochlear nucleus in medulla), but then increased familiarity with the stimulus decreases 

metabolic capacity as sensory information reaches higher level brain regions (medial 

geniculate in thalamus. This provides evidence for a sensory gating effect beginning 

auditory processing regions; however, functional neural interactions need to be 

investigated in order to gain more insight.   

The present findings are also consistent with previous metabolic mapping studies 

of learning phenomena such as blocking and differential inhibition. For example, a study 

on the Kamin’s blocking effect (Jones & Gonzalez-Lima, 2001b) revealed behavioral 

excitatory conditioning effects in the accumbens and CS-US contiguity effects in rCA1, 

Per, and AC. The present study continues to emphasize the importance of hippocampal 

and parahippocampal regions in converging auditory (CS) and somatosensory (US) 

information. Another study on Pavlovian differential inhibition (Jones & Gonzalez-Lima, 
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2001a) showed decreased activity in the ventral cochlear nucleus in the differential 

inhibition group, which reflects changes in the learned signal value of the tone. Similarly 

in LI, the learned signal value of the tone decreases as the tone becomes an irrelevant 

stimulus that does not provide any new information about the environment. However, 

unlike these previous studies, LI represents latent learning that is manifested as 

behavioral inhibition of the conditioned response that develops with CS-US pairing. The 

neural effects of latent learning are evident by the decrease in CO activity in auditory 

regions resulting from tone preexposure and the increases in CO activity in hippocampal 

regions resulting from tone-footshock pairings during LI training.  

The present study provides useful insight into which individual brain regions are 

involved with LI in an intact brain. There is a limitation in that the current study does not 

provide insight into the functional relationships between brain regions. Thus, the next 

study aims to investigate the functional neural networks underlying latent inhibition.  
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Chapter 3: Functional neural networks underlying latent 

inhibition 

INTRODUCTION 

Changes in metabolic capacity can be used to build a network model that 

describes relationships between regions and how they are modified across different 

behavioral training paradigms. Neural functions that mediate inhibitory learning are likely 

dependent on interactions within and between systems (McIntosh & Gonzalez-Lima, 

1995). Interactions between anatomically related regions create a neural context that is 

specific to a particular behavioral outcome (McIntosh, 1999, 2004). The study described 

in this chapter aims to investigate the interactions between anatomically and functionally 

related regions that mediate LI in a tone-footshock conditioning paradigm using 

quantitative cytochrome oxidase (CO) histochemistry. 

Brain circuits related to learning have been often investigated by measuring the 

activity of specific neural regions. Schmajuk et al. (1996; , 2001) and Schmajuk 

(Schmajuk, 2005) previously described a conceptual neural network model of LI using a 

set of differential equations that represent changes in neural activity and connections 

over time.  A complementary approach is to investigate the interactions between brain 

regions.  This approach is based on the finding that brain regions that are functionally 

coupled show coordinated changes in metabolic capacity, which is manifested in the 

strength of the correlation of CO activity between regions (Sakata et al., 2000).  

Differences in mean CO activity reflect differences in the metabolic capacity of particular 

brain areas, whereas differences in correlations in CO activity between regions reflect 
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differences in functional coupling among brain areas (Sakata et al., 2000). 

Consequently, CO can be used to determine functional pathways modified as a 

consequence of learning.  

Wright (1934) first developed the path analysis method to study the functional 

relationships between stable variables such as genetic traits manifested as phenotypic 

features, such as inherited skin color. Therefore, path analysis is an appropriate method 

to analyze stable relationships, as would be the case with CO data representing long-

term changes in metabolic capacity after chronic training.  

Based on the CO mean differences described in the previous chapter, we 

hypothesized that auditory regions will show a decrease in metabolic capacity and 

attenuated functional interactions with hippocampal regions in the preexposed LI group 

relative to acquisition and extinction. The results in the present study showed a unique 

neural network pattern in LI that differed from acquisition and extinction. 

METHODS 

 CO metabolic data from chapter 2 were used to build a model of LI. Comparison 

groups for the model included the LI, acquisition, and extinction groups. Below is a 

detailed description of the statistical analyses used to build the functional neural network 

model. 
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Statistical analysis 

Interregional correlations 

Functional relationships between regions that showed a mean difference 

between groups, as revealed by ANOVA in chapter 2, were analyzed using Pearson 

product-moment correlations. To ensure the reliability of correlations, a jackknife 

procedure was performed in which each individual subject was dropped from a group, 

and then correlations were calculated again without that subject’s data. This procedure 

was iterated until each subject had been sequentially dropped and the analysis 

repeated. To minimize Type I error, correlations that remained significantly different from 

zero at p < 0.01 through all iterations were considered statistically reliable for further 

analysis. These correlations were then tested for significant differences between groups. 

The Fisher Z transformation was used to convert each correlation to a Z score. A test 

statistic of the form 

( 1) ( 2)

1 2(1/ 3) (1/ 3)
ij group ij group

g g

Z ZZ
n n

−
=

− + −  

(where Zij is the Fisher Z transformation value for the correlation coefficient between 

regions i and j, ng1 is the sample size in group one, and ng2 is the sample size in group 

two) was then used to compare group differences. This approach has been used 

previously to test differences in regional correlations between groups (Jones & 

Gonzalez-Lima, 2001a, 2001b). 
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Brain-behavior correlations 

  Correlations between brain activity and behavioral measurements of freezing 

during probe trials were also computed using the regions that revealed changes in 

metabolic capacity in addition to the nucleus accumbens and entorhinal cortex. Freezing 

scores from probe I and probe II were averaged together for each group. This probe 

average provided an index of behavioral change across the three groups with LI having 

the lowest average, acquisition having the highest average, and extinction having an 

intermediate average probe freezing score. Positive brain-behavior correlations reflect a 

linear relationship between increased regional activity and strength of the CR, while a 

negative correlation reflects a linear relationship between decreased regional activity 

and strength of the CR. The jackknife procedure described above was also used to 

ensure the reliability of the correlations. 

Structural equation modeling 

Regions included in the proposed model were selected based on the means 

analysis, correlational analysis, and previous literature. Specifically, regions showing 

changes in CO metabolic activity in the LI group were used to construct the model in 

addition to the nucleus accumbens and entorhinal cortex. Connections between regions 

were strongly based on known anatomical connectivity based on previous literature and 

functional relationships revealed through the correlational analysis. The proposed model 

is represented in Figure 3.1.  

A separate set of pairwise correlations were computed between the selected 

regions, which consisted of the anterior ventral cochlear nucleus (VCA), medial 

geniculate (MG; MGD and MGV combined), auditory cortex (AC; TE1 and TE3 
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combined), perirhinal cortex (Per), entorhinal cortex (Ent), CA1, and nucleus accumbens 

(Acb; shell and core combined) for each group. For simplicity of the model, some regions 

were combined due to a high degree of colinearity. High colinearity occurs when several 

regions in your correlation matrix are strongly correlated with each other. This is 

problematic in SEM as highly correlated regions limit variability between pathways, 

which results in a model that is unsolvable. Interregional correlations were used to 

determine path coefficients for a latent inhibition, acquisition, and extinction model.  

Path coefficients were computed using LISREL (version 8.54, Scientific 

Software) and omnibus comparisons between groups were performed using a stacked 

model approach. In this approach, path coefficients in one model are constrained to be 

equal between conditions (null model) and compared to another model where the 

coefficients are allowed to vary (alternative model). A Χ2 goodness-of-fit statistic was 

computed for each model based on its ability to reproduce the original correlation matrix 

and then summed along with degrees of freedom for all three groups. The summed X2 

for the alternative model was then subtracted from the summed Χ2 for the null model. 

This X2 difference can be assessed using the difference between the null degrees of 

freedom and the alternative model degrees of freedom. This approach resembles a 

simple t test for group mean differences in that the null hypothesis predicts no group 

mean differences (McIntosh & Gonzalez-Lima, 1995). For the present study, the null 

hypothesis was that path coefficients between groups do not differ.  

The model was also described in terms of direct effects, total effects and 

residuals. The decomposition of such effects can be informative in that it provides an 

indication of a brain region or pathway’s total influence and whether this influence is 
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modified at any stage in the system. Direct effects are represented by path coefficients 

and quantify the causal influence of a given structure on another. Total effects represent 

the impact of a region on all other regions and are the algebraic sum of direct and 

indirect effects. Residual values are the combined influences of areas outside the model 

and the influence of the brain region upon itself.  
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Figure 3.1.  Proposed network model of latent inhibition. Regions are represented by 

abbreviations. Anatomical connections are represented by arrows. Anterior 

ventral cochlear nucleus = VCA; medial geniculate = MG; auditory cortex = 

AC; perirhinal cortex = Per; entorhinal cortex = Ent; anterior hippocampus 

CA1 = CA1; nucleus accumbens = Acb. 
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RESULTS 

Interregional within-group correlations 

There were 11 interregional correlation coefficients (r) that were greater than 

zero at p < 0.01 in the LI group and are represented in tables 3.1, 3.2, 3.3, and 3.4. 

Correlational analysis revealed the rostral hippocampus CA1 field (rCA1) was positively 

correlated with the rostral hippocampus CA3 field (rCA3; r = 0.86) and the caudate 

putamen (CPc; r = 0.84). Activity in rCA3 was positively correlated with the perirhinal 

cortex (Per; r = 0.91). This functional connectivity between hippocampal and 

parahippocampal regions was not significant in the extinction group. The dorsal medial 

geniculate (MGD) was also correlated with the ventral medial geniculate (MGV) in the LI 

group (r = 0.94). This correlation was not significant in the extinction group.  

There were also strong positive correlations among cerebellar and sensoriomotor 

regions including the cerebellar vermis (CBV), external cuneate (ECu), and the spinal 

trigeminal nucleus (ST) in the LI group (r = 0.89 – 0.93). These correlations changed 

across groups with a positive correlation between CBV and the dorsal medial geniculate 

(MGD) in the acquisition group (r = 0.89) and a negative correlation between ST and 

dorsal auditory cortex (TE1) in the extinction group (r = -0.83). Significant correlations 

between cerebellar and brain stem regions were absent in the naïve group. 

The nucleus accumbens shell (Acbs) and core (Acbc) were positively correlated 

across groups (r = 0.94 – 0.96); however there was a significant correlation with the 

insular cortex (INS) between both Acbs (r = 0.91) and Acbc (r = 0.89) in the acquisition 

group and a positive correlation between Acbs and the medial septum (MS) in the naïve 
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group (r = 0.85). The entorhinal cortex (Ent) was positively correlated with TE1 in the LI 

group (r = 0.87).  

Several correlations showed a significant difference between groups using the 

Fisher-Z transformation at p < 0.01 including MGV-MGD, ST-TE1, Per-MGD, Per-Ent, 

MGV-CBV, and Acbs-MS correlations. The MGV-MGD correlation was 0.94 in the LI 

group, which was significantly different from the extinction group (r = 0.07). The ST-Te1 

correlation was -0.83 in the extinction group, which differed significantly from LI (r = 0.48) 

and acquisition (r = 0.58). Per-MGD and Per-Ent correlations differed significantly 

between LI (r = -0.08 and 0.21 respectively) and the naïve group (r = 0.85 and 0.94 

respectively). Per-Ent also differed significantly between acquisition (r = -0.55) and the 

naïve group (r = 0.94). The MGV-CBV correlation was significantly different between 

acquisition (r = 0.88) and extinction (r = 0.01). Finally with the Acbs-MS correlation, both 

acquisition (r = 0.91) and the naïve group (r = 0.85) differed significantly from extinction 

(r = 0.85).  
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Table 3.1.  Interregional correlations for the latent inhibition group (* p < 0.05; **p < 

0.01). 

ROIS MS ACBS ACBC RCA1 RCA3 PER ENT TE1 MGD MGV CBV ECU ST 
              
MS 1.00             
              
ACBS 0.52 1.00            
              
ACBC 0.46 0.94** 1.00           
              
RCA1 -0.26 -0.17 -0.35 1.00          
              
RCA3 -0.06 0.06 -0.12 0.86** 1.00         
              
PER -0.06 0.01 -0.07 0.70* 0.91** 1.00        
              
ENT 0.34 0.28 0.34 0.04 0.20 0.21 1.00       
              
TE1 0.33 0.09 0.16 0.01 0.02 0.00 0.87** 1.00      
              
MGD -0.36 0.24 0.40 -0.17 -0.08 -0.08 0.44 0.29 1.00     
              
MGV -0.33 0.12 0.29 -0.30 -0.15 -0.14 0.46 0.26 0.94** 1.00    
              
CBV -0.14 -0.06 0.02 0.03 0.09 0.04 0.14 0.24 0.58 0.45 1.00   
              
ST 0.07 0.01 0.12 -0.04 0.03 0.00 0.34 0.48 0.52 0.39 0.94** 1.00  
              
ECU 0.21 0.26 0.33 -0.22 0.07 0.10 0.30 0.34 0.46 0.39 0.85** 0.87** 1.00 
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Table 3.2..  Interregional correlations for the acquisition group (*p < 0.05; **p < 0.01). 

              

 ROIS MS ACBS ACBC RCA1 RCA3 PER ENT TE1 MGD MGV CBV ST ECU 
              
MS 1.00             
              
ACBS 0.68 1.00            
              
ACBC 0.75** 0.95** 1.00           
              
RCA1 -0.02 0.30 0.33 1.00          
              
RCA3 -0.07 0.18 0.24 0.97** 1.00         
              
PER 0.16 0.47 0.54 0.95 0.92** 1.00        
              
ENT 0.26 0.19 0.08 -0.65 -0.68* -0.55 1.00       
              
MGD 0.11 -0.11 0.00 -0.52 -0.39 -0.35 0.60 1.00      
              
MGV 0.13 -0.18 -0.18 -0.56 -0.55 -0.49 0.82* 0.64 1.00     
              
TE1 0.32 0.18 0.23 -0.35 -0.36 -0.14 0.74* 0.69* 0.85** 1.00    
              
CBV -0.14 -0.28 -0.24 -0.53 -0.50 -0.46 0.72* 0.67* 0.89** 0.77** 1.00   
              
ST -0.29 -0.60 -0.53 -0.60 -0.53 -0.55 0.40 0.44 0.67* 0.48 0.70* 1.00  
              
ECU -0.03 -0.21 -0.10 -0.34 -0.27 -0.19 0.52 0.58 0.73* 0.72* 0.83** 0.82** 1.00 
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Table 3.3.  Interregional correlations for the extinction group (* p < 0.05; **p < 0.01). 

ROIs MS ACBS ACBC RCA1 RCA3 PER ENT TE1 MGD MGV CBV ST ECU 
              
ACBS 1.00             
              
ACBC -0.54 1.00            
              
MS -0.44 0.96** 1.00           
              
RCA1 0.02 -0.01 0.08 1.00          
              
RCA3 -0.06 0.09 0.19 0.81* 1.00         
              
PER 0.31 0.01 0.11 0.85* 0.89** 1.00        
              
TE1 0.43 0.05 0.10 -0.11 -0.10 0.22 1.00       
              
MGD -0.06 -0.07 0.02 -0.05 -0.13 -0.07 0.63* 1.00      
              
MGV -0.45 0.27 0.21 0.59 0.71 0.65 0.27 0.42 1.00     
              
ENT -0.19 0.56 0.43 -0.40 0.00 0.00 0.47 0.06 0.39 1.00    
              
CBV -0.01 0.25 0.11 -0.49 -0.56 -0.51 -0.54 -0.78** -0.60* -0.01 1.00   
              
ST -0.28 0.36 0.25 -0.07 -0.22 -0.06 -0.43 -0.71* -0.22 0.03 0.79** 1.00  
              
ECU 0.04 0.18 0.08 -0.19 -0.29 -0.18 -0.37 -0.83** -0.61* -0.02 0.86** 0.83** 1.00 
              

 



 51 

Table 3.4.  Interregional correlations for the naïve control group. (* p < 0.05, **p < 

0.01). 

ROIs MS ACBS ACBC RCA1 RCA3 PER ENT TE1 MGD MGV CBV ST ECU 
              
ACBS 1.00             
              
ACBC 0.85** 1.00            
              
MS 0.80** 0.95** 1.00           
              
RCA1 0.75* 0.81** 0.76* 1.00          
              
RCA3 0.39 0.57 0.65* 0.82** 1.00         
              
PER 0.33 0.58 0.65* 0.67* 0.68* 1.00        
              
TE1 0.15 0.39 0.50 0.47 0.62* 0.94** 1.00       
              
MGD 0.31 0.32 0.35 0.56 0.60 0.80** 0.81** 1.00      
              
MGV 0.35 0.44 0.52 0.42 0.38 0.85** 0.83** 0.83** 1.00     
              
ENT -0.06 -0.13 -0.13 0.13 0.06 0.29 0.39 0.45 0.53 1.00    
              
CBV 0.48 0.74* 0.79** 0.37 0.35 0.61* 0.64 0.27 0.41 -0.02 1.00   
              
ST 0.57 0.72* 0.73* 0.68* 0.66* 0.73* 0.70* 0.56 0.44 -0.10 0.80** 1.00  
              
ECU 0.33 0.59 0.65* 0.58 0.65* 0.72* 0.75* 0.43 0.51 0.33 0.76** 0.72** 1.00 
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Brain-behavior correlations 

After the jackknife procedure the only region showing a significant correlation 

with conditioned behavior was the nucleus accumbens shell (r = 0.70, p<0.05) in the 

latent inhibition group. An increase in CO activity in the nucleus accumbens shell is 

positively correlated with a reduction in the CR due to tone preexposure. The other 

groups did not show reliably significant correlations between ROIs and conditioned 

behavior. 

Structural equation modeling 

Bivariate correlations were used to compute path coefficients between regions in 

the proposed network model. These correlations include ROIs that were combined for 

simplicity to compute causal influences between regions using SEM. Chi-square 

analysis revealed that a model where all paths were free to vary was significantly 

different from a model with fixed paths (X2
diff(18) = 72.35, p <0.01). This indicates that 

the patterns of interactions among ROIs were statistically different between the LI, 

acquisition, and extinction groups. Differences in path coefficients between the three 

models are represented in Figure 3.2. Direct effects, total effects, and residual influences 

are listed in tables 3.5, 3.6 and 3.7 and are described below. 
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Figure 3.2. Graphic representation of the direct effects for the a) latent inhibition model, 

b) acquisition model, and c) extinction model. Magnitude of the direct effect 

is proportional to arrow width for each path. Positive path coefficients are 

shown as solid arrows, whereas negative coefficients are shown as 

segmented arrows. Path coefficients are indicated next to each arrow. 

Abbreviations are defined in Figure 3.1. 
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Table 3.5.  Total effects, direct effects and residuals (PSI values) for the functional 
neural network model of latent inhibition. The columns list origins of the 
effect and the rows list structures being affected. Effects that cannot occur 
given the direct anatomical connections are left blank. Abbreviations are 
defined in Figure 3.1. 

ROIs VCA MG AC Per Ent rCA1 Acb 

A. Total Effects 
VCA        
MG -0.07       
AC -0.01 0.13      
Per 0.00 0.00 0.00     
Ent -0.01 0.09 0.68     
rCA1 0.00 -0.01 -0.08 0.80 -0.12   
Acb 0.00 0.03 0.23 -0.11 0.35 -0.39  
        

B. Direct Effects 

VCA        
MG -0.07       
AC  0.13      
Per   0.00     

Ent   0.68     
rCA1    0.80 -0.12   
Acb    0.20 0.30 -0.39  

        

C.  PSI (residuals) 
 1.00 1.00 0.98 1.00 0.54 0.35 0.82 
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Table 3.6.  Total effects, direct effects, and residuals (PSI values) for the functional 
neural network model of acquisition. The columns list origins of the effect 
and the rows list structures being affected. Effects that cannot occur given 
the direct anatomical connections are left blank. Abbreviations are defined 
in Figure 3.1. 

ROIs VCA MG AC Per Ent rCA1 Acb 

A. Total Effects 
VCA        
MG 0.51       
AC 0.33 0.65      
Per -0.12 -0.23 -0.36     
Ent 0.23 0.46 0.70     
rCA1 -0.13 -0.26 -0.41 0.82 -0.16   
Acb 0.03 0.05 0.08 0.64 0.44 -0.80  
        

B. Direct Effects 

VCA        
MG 0.51       
AC  0.65      

Per   -0.36     
Ent   0.70     
rCA1    0.82 -0.16   
Acb    1.30 0.31 -0.80  

        

C.  PSI (residuals) 

 1.00 0.65 0.57 0.87 0.51 0.23 0.39 
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Table 3.7. Total effects, direct effects, and residuals (PSI values) for the functional 

neural network model of extinction. The columns list origins of the effect 

and the rows list structures being affected. Effects that cannot occur given 

the direct anatomical connections are left blank. Abbreviations are defined 

in Figure 3.1. 

ROIs VCA MG AC PER ENT CA1 Acb 

A. Total Effects 
VCA        
MG 0.35       
AC 0.18 0.53      
Per -0.05 -0.14 -0.27     
Ent 0.13 0.39 0.73     
rCA1 -0.08 -0.22 -0.42 0.80 -0.28   
Acb 0.01 0.02 0.04 0.05 0.08 0.01  
        

B. Direct Effects 
VCA        
MG 0.35       
AC  0.53      
Per   -0.27     
Ent   0.73     
rCA1    0.80 -0.28   
Acb    0.04 0.08 0.01  
        

C.  PSI (residuals) 
 1.00 0.88 0.72 0.93 0.47 0.20 0.99 
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Direct effects 

  The direct influences from the auditory regions in the latent inhibition model were 

weak suggesting reduced influences from early auditory processing regions. The VCA’s 

influence on the MG was negative and weak with a path coefficient of -0.07 in the LI 

model. This path coefficient was positive in the acquisition and extinction groups with 

path coefficients of 0.51 and 0.35 respectively. The influence on AC from the MG was 

also weak in the latent inhibition condition with a path coefficient of 0.13. The path 

weights in the acquisition and extinction conditions were stronger with respective 

coefficients of 0.65 and 0.53. 

The reduced coupling observed between regions involved with auditory 

processing was also reflected in projections to hippocampal regions. Influence on Per 

from the AC in the LI model was weak with a path coefficient near zero. In the 

acquisition and extinction models, these paths were weakly negative with coefficients of 

-0.36 and -0.27 respectively. These findings suggest sensory gating of the tone CS by 

the auditory system in the LI group condition that is not present in the acquisition and 

extinction conditions.   

Another interesting finding was the presence of a strong influence on the Acb 

from the Per with a path coefficient of 1.30 in the acquisition model. The path coefficients 

were weaker in the latent inhibition and extinction models (0.20 and 0.04 respectively). 

This indicates a reduced influence of the perirhinal cortex on the nucleus accumbens 

relative to the tone excitor. 
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Total effects 

Total effects computed for the influence of the ventral cochlear nucleus on all 

regions are represented in Figure 3.3. In general, the VCA’s total influences in the latent 

inhibition model are all weak and near zero. The VCA’s influences in the acquisition and 

extinction models are somewhat stronger. The VCA’s influence on the nucleus 

accumbens remains weak across groups. Interestingly, the VCA’s total influence on the 

medial geniculate goes from positive in the acquisition and extinction models (0.51 and 

0.35 respectively) to negative in latent inhibition (-0.07). 
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Figure 3.3.  Graphical representation of the total effects for the VCA in latent inhibition, 

acquisition, and extinction. The VCA’s total influence is reduced in LI 

relative to acquisition and extinction. Abbreviations are defined in Figure 

3.1. 
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Residual influences 

CA1 residuals were small for the three training groups indicating that the selected 

pathways accounted for the majority of the variance in CA1. In the acquisition group Acb 

also had a relatively small residual value (0.39). The residual values for Acb in the latent 

inhibition and extinction groups were above 0.80. 

 DISCUSSION 

Our proposed neural model stresses the importance of looking at a behavioral 

phenomenon in terms of a system of neural interactions. Single regions are important 

components of the network. Behavioral responses depend on regional brain activity as 

well as the interregional functional connectivity of the involved brain networks (McIntosh 

& Gonzalez-Lima, 1994; McIntosh, 2001). Examining functional interactions between 

different brain regions can provide a useful perspective into the neural mechanism 

underlying a specific behavioral outcome. SEM can characterize functional interactions; 

however, this approach represents an isolated system. Still the combination of metabolic 

mapping techniques and anatomically based SEM provides a strong approach to 

understanding brain-behavior relationships at the systems level.  

The latent inhibition and extinction groups did not differ based on the means 

analysis in chapter 2, but did differ in terms of functional connectivity between groups in 

the present study. Interacting brain regions create a functional network or neural context 

that is specific to a particular behavioral outcome. Certain regions within a functional 

network may show similar changes in metabolic capacity but different interactions with 

other regions across several behavioral responses. Such regions serve as behavioral 
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catalysts that enable a transition between behavioral states (McIntosh, 2004). The 

important role neural contexts and behavioral catalysts play in learning paradigms, such 

as LI, and how they differ across other behavioral outcomes is highlighted through SEM.  

The proposed SEM model, as with all models, represents a simplified description 

of the underlying neural networks. Anatomical connections between regions are based 

on known pathways, such as the connections to the Acb from Ent, Per, and CA1 

(Newman & Winans, 1980). However, every known pathway for a specific network 

cannot be included in a single model since this increases the number of unknown 

variables, which ultimately makes the model unsolvable. Though anatomically correct, 

the current model is incomplete. For example, Per has a connection from Ent (Kohler, 

1988) that is not included in our model. Additionally, bidirectional connections were also 

excluded from the model such as projections from AC to MG (Roger & Arnault, 1989; 

Arnault & Roger, 1990).  When constructing a model for SEM, one is required to 

compromise between anatomical accuracy, solvability, and interpretability.  

Nonetheless, the results from SEM suggest that the LI effect is mediated through 

sensory gating, which is evident by the decreased functional connectivity between 

auditory regions. In particular, the formation of auditory fear memories requires the 

synthesis of mRNA and protein in the MG (Parsons et al., 2006), suggesting that below 

baseline MG metabolism in LI may reflect a reduced processing of the tone stimulus. 

Sensory gating regulates the processing of meaningful and irrelevant stimuli. This finding 

suggests a different perspective from the attention and behavioral deficit view of LI, but 

can still be integrated with these major theories. 



 62 

Weiner (2003) describes LI as an expression deficit resulting from contradicting 

stimulus-no consequence and stimulus-reinforcement events. Preexposure in LI 

decreases the signal value of the tone through a stimulus-no event association, which 

competes for behavioral expression when the preexposed stimulus subsequently 

predicts a meaningful event. In our proposed LI model, sensory gating of irrelevant 

stimuli is evident by decreases in the influence of VCA on MG and the influence of MG 

on AC. The weak functional interactions between auditory regions reflect decrease in the 

tone’s excitatory properties that may result from the stimulus-no event association. 

Sensory gating in the auditory regions creates a neural context that mediates the 

attenuated CR in LI. 

The proposed sensory gating in the present study may also provide insight to the 

disruption of LI observed in individuals with schizophrenia, which may be the result of an 

inability to ignore irrelevant stimuli (Feldon & Weiner, 1992). Individuals with 

schizophrenia show disruptions in the LI effect and learn the stimulus-event association 

despite familiarity with the conditioned stimulus (Lubow, 1989; Kilts, 2001; Lubow & 

Kaplan, 2005). More, deficits in sensory information gating have also been demonstrated 

in patients with schizophrenia (Braff, 1993). Such deficits in information processing may 

account for disrupted tasks, such as LI, and thus lending more support for LI as a model 

of schizophrenia-related symptoms. 

Although changes in mean metabolic activity in the entorhinal cortex and nucleus 

accumbens were not observed in chapter 2, our model does emphasize the importance 

of interactions with these regions in LI. Since the entorhinal cortex, perirhinal cortex, and 

hippocampus are functionally and anatomically related, lesions to any one region would 
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disrupt the LI effect. The switching model (Weiner, 1990; Weiner & Feldon, 1997; 

Weiner, 2003) proposes that the nucleus accumbens acts as a modulator during LI when 

the hippocampus sends inhibitory information. Based on our results, a plausible 

explanation is that this modulation may be dependent on sensory gating from CS 

preexposure. Regions involved in auditory sensory processing send information through 

the parahippocampal and hippocampal regions to the nucleus accumbens. 

The present model also highlights the differences between LI and extinction, 

which are behaviorally similar in that they both result in a weaker conditioned response 

after the conditioned stimulus is presented alone. Based on the data from the present 

study it appears that LI and extinction involve different underlying neural mechanisms 

that result in the same behavioral outcome. Although reduced hippocampal connectivity 

was observed in both LI and extinction, sensory gating appears to mediate the reduced 

hippocampal influences in LI but not extinction, which may rely on other neural 

mechanisms such as cortical inhibition of the conditioned response. 

The results from this neural network analysis are consistent with other previous 

studies involving repeated presentations of stimuli alone. For example, a SEM study of 

long-term and short-term habituation to an acoustic stimulus found that influence from 

the ventral cochlear nucleus on the auditory cortex and medial geniculate was small in a 

group receiving long-term presentations of a stimulus when compared to a group 

receiving short-term presentations (McIntosh & Gonzalez-Lima, 1991). This effect is 

similar to what was found in the present study and may reflect the decrease in signal 

value of a non-meaningful stimulus. 
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Our proposed neural model stresses the importance of looking at a behavioral 

phenomenon in terms of a system of neural interactions. Single regions are important 

components of the network. Behavioral responses depend on regional brain activity as 

well as the interregional functional connectivity of the involved brain networks (McIntosh 

& Gonzalez-Lima, 1994, 1995; McIntosh, 2001, 2004). Examining functional interactions 

between different brain regions can provide more useful perspective into the neural 

mechanism underlying a specific behavioral outcome. SEM can characterize functional 

interactions; however, this approach represents an isolated system. Still the combination 

of metabolic mapping techniques and anatomically based SEM provides a strong 

approach to understanding brain-behavior relationships at the systems level.  



 65 

Chapter 4: Theory Driven Network Models of Latent Inhibition 

INTRODUCTION 

We have shown that the weakened conditioned response observed in LI involves 

the gating of sensory information (Puga et al., 2007). Our proposed model of sensory 

gating in LI is a data driven model based on a means and correlation analyses of CO 

metabolic data. Previous models of LI, such as the Schmajuk-Lam-Gray (SLG) model 

(Schmajuk et al., 1996; Schmajuk et al., 2001; Schmajuk & Larrauri, 2006) and the 

switching model (Weiner, 1990; Weiner & Feldon, 1997) are primarily theory driven, 

where results from previous lesion and pharmacological studies guided construction of 

these models. These models do not focus on sensory processing, but rather emphasizes 

limbic projections and interactions. 

One of the key regions of interest in both the SLG and switching models is the 

nucleus accumbens. In the SLG model (Figure 4.1), LI is the result of stimulus novelty 

mediated by dopaminergic projections to the accumbens core from the ventral tegmental 

area. Support for accumbens role in novelty detection in the SLG model stems from 

research demonstrating that intraperitoneal administration of nicotine prior to stimulus 

preexposure facilitates LI (Rochford et al., 1996; Gould et al., 2001). It has been argued 

that the observed facilitation of LI with nicotine administration is due to addictive nature 

of the drug, which increases dopaminergic activity in the nucleus accumbens and thus 

affects attention processes during preexposure (Schmajuk, 2005). This view has been 

challenged by findings that show decreasing stimulus intensity reverses the disruptive 

and facilitating effects of dopamine agonists and antagonists in both an aversive and 
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appetitive LI paradigm (Killcross et al., 1994b, 1994a). The effects observed with 

reduced stimulus intensity suggest that the nucleus accumbens does not mediate 

attention processes in LI since an animal is still able to differentiate between the original 

and reduced stimulus. Thus, the nucleus accumbens may not play a role in attention, but 

may inhibit behavioral expression as proposed by the switching model. 

In the switching model (Figure 4.2), LI is due to a behavioral deficit that results 

from a mismatch of information caused by two contradicting associations. Entorhinal 

projections to the nucleus accumbens shell inhibit behavioral expression via a pathway 

through the ventral tegmental area. Projections from the hippocampus and basolateral 

amygdala to the nucleus accumbens core also play a role in determining an appropriate 

behavioral response depending on contextual cues and amount of stimulus 

reinforcement (Weiner, 2003). This model is supported by studies demonstrating lesions 

to the entorhinal cortex disrupt LI (Shohamy et al., 2000; Coutureau et al., 2002; 

Jeanblanc et al., 2004). The switching model is challenge by studies that found 

decreased c-fos expression in auditory regions (Sotty et al., 1996). Auditory regions are 

not included in the SLG and switching models due to the lack of lesion studies that show 

disrupting auditory connections affect LI. 

The switching and SLG models stem from two different perspectives of LI that do 

not emphasize the direct role of auditory regions. One perspective of LI is the attention 

deficit view (SLG model) and the other is the behavioral deficit view (switching model). 

The emphasis placed on lesion research to build these models is a weakness for both 

the SLG and switching models. Lesion studies rely on the assumption that function is 

localized to a particular brain region when in it may depend on projections that pass 
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through a particular region (Rorden & Karnath, 2004). With a theory driven approach 

based on lesion studies it is difficult to decipher if a particular region truly has an effect 

on the LI paradigm or if it is the projections through that region or downstream indirect 

effects on other regions that are important. Thus, noninvasive methods, such as 

fluorodeoxyglucose, CO histochemistry, and fMRI may be better suited for describing 

brain regions associated with a particular learning paradigm. The present study 

investigates the proposed theory driven models of LI with CO metabolic data and 

structural equation modeling (SEM). It was found the each model presented unique set 

of functional interactions that mediate behavioral responding, especially in the switching 

model. The limitations of these models are discussed along with the importance of 

sensory regions in LI. 
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Figure 4.1.  Graphical representation of the Schmajuk, Lam, Gram model of LI. (Hipp = 

hippocampus, BLA = amygdala, ENT= entorhinal cortex, Acbc = 

accumbens core, Acbs = accumbens shell, VTA= ventral tegmental area). 
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Figure 4.2.  Graphical representation of the switching model of LI. (Hipp = 

hippocampus, BLA = amygdala, ENT= entorhinal cortex, Acbc = 

accumbens core, Acbs = accumbens shell, VTA= ventral tegmental area). 

 

 

 



 70 

METHODS 

The CO metabolic data presented in Chapter 2 was used to the test theory driven 

models of LI using structural equation modeling. Only the LI and acquisition groups were 

included for analysis in this study. A brief summary of the behavioral training follows: 

Male CBA/J mice were trained on a Pavlovian tone-footshock paradigm. The LI group 

consisted of 12 mice that received 90 tone stimulus presentations over three days in a 

clear Plexiglas container (preexposure context). The subjects were then placed in a 

separate acquisition context where they received four tone-footshock pairings for two 

days. The acquisition group did not receive tone-alone presentations prior to acquisition 

training, but did receive the same number of tone-footshock pairings. On the last day of 

training, all subjects were given a probe test and freezing behavior was scored. Brains 

were then extracted, processed for cytochrome oxidase histochemistry, and imaged 

using optical density measurements as described in Chapter 2. 

Brain regions of interest included for the structural equation model were selected 

from the SLG and switching models. Since initial SEM results revealed the SLG and 

switching models to be unsolvable as illustrated in Figs 4.1 and 4.2, the nucleus 

accumbens shell and core were combined (Figure 4.3). A set of pairwise correlations of 

CO activity were computed between the selected regions for each group. Regions of 

interests included the anterior ventral cochlear nucleus (VCA), medial geniculate (MG; 

including the ventral and dorsal medial geniculate), auditory cortex (AC; including the 

primary and secondary auditory cortex), basolateral amygdala (BLA), the entorhinal 

cortex (ENT), hippocampus (Hipp; including CA1 and CA2), ventral tegmental area 

(VTA) and nucleus accumbens (Acb; including the core and shell). These pairwise 
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correlations were used to determine path coefficients for the latent inhibition and 

acquisition groups.  

Path coefficients were computed using LISREL (version 8.54, Scientific 

Software) and omnibus comparisons between groups were performed using a stacked 

model approach similar to the approach described in Chapter 3.  Our null hypothesis 

was that latent inhibition and acquisition did not differ. To test the null hypothesis a null 

model, in which all path coefficients were constrained, was compared to the alternative 

model where the coefficients were allowed to vary using a Χ2 goodness-of-fit statistic.  A 

significant Χ2 signified the models differ significantly from each other in terms of their 

neuroanatomical path influence, including direct effects, total effects, and residuals, 

which were computed using LISREL. 
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Figure 4.3. Final representations of A) the SLG model and B) the switching model used 

for structural equation modeling. (Hipp = hippocampus, BLA = amygdala, 

ENT= entorhinal cortex, Acbc = accumbens core, Acbs = accumbens shell, 

VTA= ventral tegmental area). 
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RESULTS 

SLG model 

The final SLG model with direct effects is represented in Figure 4.4. SEM 

revealed the model to be unsolvable with reciprocal projections between Hipp and ENT 

and between Acb and VTA. Thus, the model was modified to remove reciprocal 

connections and maintain the integrity of the SLG model. Chi-square analysis revealed 

that the null model differed from the alternative model (X2
diff(6) = 21.24, p <0.01). Thus, 

ROI interactions were statistically different between the LI and acquisition groups. Direct 

effects, total effects, and residual influences for the SLG model are summarized in tables 

4.1 and 4.2 and are described below. 

 Direct covariance influences between regions in the two groups were mostly 

similar with weak influences between regions. Three paths, however, did differ clearly 

between groups. The direct influence from Hipp to ENT in latent inhibition went from 

positive in the LI group (0.40) to negative in acquisition (-0.38). The VTA’s influence on 

the Acb was weak and negative (-0.23) in LI. The same influence was strong and 

positive in acquisition (0.55). There was a small reduction in the positive influence from 

the ENT to Acb between LI and acquisition (0.32 and 0.14 respectively). However, the 

influence on the behavioral response from the BLA remained near zero in LI (0.03) and 

acquisition (-0.02). 

Total effects computed for the influence of the hippocampus on all regions are 

represented in Figure 4.5. In general, the Hipp’s total influences in the latent inhibition 

model are all positive, weak and near zero. The Hipp’s influences in the acquisition 
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group are all negative, weak and near zero. Residuals for all regions were large 

indicating that the selected regions and their pathways did not account for the majority of 

the variance in the proposed network model.  
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Figure 4.4. Graphic representation of the direct effects in the SLG model for a) latent 

inhibition and b) acquisition. Magnitude of the direct effect is proportional to 

arrow width for each path. Positive path coefficients are shown as solid 

arrows, whereas negative coefficients are shown as segmented arrows. 

Path coefficients are indicated next to each arrow. (Hipp = hippocampus, 

BLA = amygdala, ENT= entorhinal cortex, Acbc = accumbens core, Acbs = 

accumbens shell, VTA= ventral tegmental area). 
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Table 4.1.  Total effects, direct effects and residuals (PSI values) for the SLG model of 

latent inhibition. 

ROIs Hipp Ent Acb VTA BLA CR 

A. Total Effects 

Hipp        

Ent  0.40      

Acb  0.13 0.32     

VTA  0.00 0.01 0.03    

BLA  0.01 0.04 0.12 0.37   

CR  0.00 0.00 0.00 0.01 0.03  

 

B. Direct Effects 

Hipp        

Ent  0.40      

Acb   0.32     

VTA    0.03    

BLA    0.10 0.37   

CR      0.03  

C. PSI (residuals) 

  0.85 1.00 0.84 1.00 0.90 1.00 
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Table 4.2.  Total effects, direct effects and residuals (PSI values) for the SLG model of 

acquisition. 

ROIs Hipp Ent Acb VTA BLA CR 

A. Total Effects 

Hipp        

Ent  -0.38      

Acb  -0.05 0.14     

VTA  -0.03 0.07 0.51    

BLA  -0.01 0.04 0.26  0.38   

CR  0.00 0.00 -0.01 -0.01 -0.02  

 

B. Direct Effects 

Hipp        

Ent  -0.38      

Acb   0.14     

VTA    0.51    

BLA    0.06 0.38   

CR      -0.02  

C. PSI (residuals) 

  0.83 1.00 0.85 0.74 0.98 1.00 
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Figure 4.5  Graphical representation of the total effects for SLG model. The Hipp total 

influences are depcited for a) latent inhibition and b) acquisition. The Hipp’s 

total influence is positive in LI and negative in acquisition. (Hipp = 

hippocampus, BLA = amygdala, ENT= entorhinal cortex, Acb = accumbens 

, VTA= ventral tegmental area.) 
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Switching model 

The final switching model is represented in Figure 4.6. Again, SEM revealed the 

model to be unsolvable with reciprocal projections between Acb and VTA. Thus, the 

model was modified to remove reciprocal connections while maintaining the integrity of 

the switching model. Chi-square analysis revealed that the null model differed from the 

alternative model (X2
diff(7) = 23.81, p <0.01). Thus, ROI interactions were statistically 

different between the LI and acquisition groups. Direct effects, total effects, and residual 

influences for the switching model are summarized in tables 4.3 and 4.4 and are 

described below. 

 Direct covariance influences between regions in the two groups were mostly 

similar with weak influences between regions. A decrease in the positive influence of the 

BLA on the VTA was observed between LI and acquisition (0.37 and 0.69 respectively). 

The hippocampus had zero influence on the VTA in LI, but had a negative influence in 

acquisition (-0.46). The BLA’s influence on Acb did not differ much between LI and 

acquisition (-0.26 and -0.34 respectively); however, the hippocampus’ influence on the 

Acb was negative in LI and positive in acquisition (-0.19 and 0.33 respectively). 

Interestingly, the VTA’s influence on the Acb differed greatly between LI and acquisition 

(-0.25 and 0.92 respectively). The Ent influence on the Acb also differed greatly with a 

strong, positive influence in LI (0.63) and a weak negative influence in acquisition (-

0.13). Finally, the influence on the behavioral response from the Acb was strong in latent 

inhibition (0.80) and weak in acquisition (0.29).  

Total effects computed for the Hipp and ENT influences are represented in 

Figure 4.7 and 4.8. The entorhinal cortex’s influence changed from strong and positive in 
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LI to weak and negative in acquisition. In LI residuals were high except for the Acb (0.39) 

and the behavioral response (0.36). In acquisition residuals were also near 1 except for 

the VTA (0.32) and the Acb (0.63). 
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Figure 4.6. Graphic representation of the direct effects in the switching mode for a) 

latent inhibition and b) acquisition. Magnitude of the direct effect is 

proportional to arrow width for each path. Positive path coefficients are 

shown as solid arrows, whereas negative coefficients are shown as 

segmented arrows. Path coefficients are indicated next to each arrow. 

(Hipp = hippocampus, BLA = amygdala, ENT= entorhinal cortex, Acbc = 

accumbens core, Acbs = accumbens shell, VTA= ventral tegmental area). 
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Table 4.3. Total effects, direct effects and residuals (PSI values) for the SLG model of 

latent inhibition. 

ROIs BLA Hipp Ent VTA Acb CR 

A. Total Effects 

BLA        

Hipp        

Ent        

VTA  0.37 0.00     

Acb  -0.35 -0.19 0.63 -0.25   

CR  -0.28 -0.15 0.51 -0.20 0.80  

 

B. Direct Effects 

BLA        

Hipp        

Ent        

VTA  0.37 0.00     

Acb  -0.26 -0.19 0.63 -0.25   

CR      0.80  

C. PSI (residuals) 

  1.00 1.00 1.00 0.86 0.39 0.36 
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Table 4.4 . Total effects, direct effects and residuals (PSI values) for the SLG model of 

acquisition. 

ROIs BLA Hipp Ent VTA Acb CR 

A. Total Effects 

BLA        

Hipp        

Ent        

VTA  0.69 -0.46     

Acb  .0.28 -0.09 -0.13 0.92   

CR  0.08 -0.03 -0.04 0.26 0.29  

 

B. Direct Effects 

BLA        

Hipp        

Ent        

VTA  0.69 -0.46     

Acb  -0.34 0.33 -0.13 0.92   

CR      0.29  

C. PSI (residuals) 

  1.00 1.00 1.00 0.32 0.63 0.92 



 84 

Figure 4.7. Graphical representation of the total effects for the Hipp in the switching 

model. The total effects are depicted for a) latent inhibition and b) 

acquisition. (Hipp = hippocampus, Acb = accumbens, VTA= ventral 

tegmental area). 
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Figure 4.8  Graphical representation of the total effects for the ENT in the switching 

model. The total effects are depicted for a) latent inhibition and b) 

acquisition. The ENT’s total influence shifts from negative in latent inhibition 

to positive in acquisition. (ENT= entorhinal cortex, Acb = accumbens). 
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DISCUSSION 

The results from this SEM neural network analysis provide more support for the 

LI switching model proposed by Weiner (Weiner, 2003). Support for the switching model 

is evident by differences in direct influences between LI and acquisition, particularly the 

influence from the accumbens to the behavioral response. This finding suggests that 

there is an inhibitory switch that controls behavioral expression depending on familiarity 

with a stimulus. The network model also highlights the differences in the hipp’s and 

BLA’s influence on the VTA between LI and acquisition along with the ENT’s influence 

on the Acb. The high degree of influence from the ENT on the Acb is consistent with the 

switching model in that information representing the stimulus from ENT is used to 

activate a switch in the Acb that inhibits behavior expression. In this case the inhibition of 

freezing behavior. 

The SLG model proposed by Schmajuk (Schmajuk et al., 2001) was not well 

supported by SEM. Most direct effects represented by neuroanatomical paths did not 

differ between LI and acquisition. Interestingly, there were notable differences in 

hippocampal influence on the ENT and VTA influence on the Acb. Direct and total 

effects revealed a shift in hippocampal influence form positive in LI to negative in 

acquisition, while direct effects revealed a shift from negative in LI to positive in 

acquisition. The involvement of the hippocampus suggests the SLG model of LI is 

dependent on contextual cues. The similar paths between the BLA and behavioral 

response in LI and acquisition suggest that novelty processing from the Acb does not 

play an important role in LI; however, the role of attention mediated by other regions 

cannot be completely ruled out.  
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Since metabolic data were used, it is possible that the attention processes 

proposed by the SLG model are better represented on a temporal scale, rather than a 

more long-term representation. CO activity represents the oxidative metabolic history 

rather than an activational, on-line response to a stimulus observed with other mapping 

techniques, such as fluorodeoxyglucose (FDG) uptake (Sakata et al., 2000). CO maps 

the long-term metabolic capacity of a neuron measured as levels of enzymatic induction 

throughout the lifespan of an organism, whereas FDG maps the activational “kinetic” 

energy or metabolic consumption measured as levels of glucose analog uptake during a 

stimulus presentation. This characteristic of CO may be one reason for the lack of 

support for the SLG model. 

It is interesting to note that with SEM the functional neural networks differ greatly, 

despite the switching model and SLG model sharing similar neural substrates. The only 

difference between the two models is their functional connectivity.  The results from this 

study demonstrate how changing the connectivity between brain regions can greatly 

alter the influence regions have on each other. This observation is consistent with the 

proposed idea that some regions facilitate the expression of a behavioral response 

depending on the status of other connected areas in a functional network. The status of 

the functional connectivity between brain regions during a learning paradigm creates a 

neural context (McIntosh, 1999; McIntosh et al., 2003; McIntosh, 2004). It is the neural 

context that then dictates the functional relevance of a particular brain region 

McIntosh (McIntosh, 2004) proposed the idea of certain brain regions acting as a 

behavioral catalyst, which is a region that may facilitate transitions between behavioral 

states depending on the neural context. This idea is illustrated through SEM by the 
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accumbens. In the switching model, the accumbens acts as a behavioral catalyst by 

shifting the behavioral response depending on the input from the VTA. SEM further 

highlights in the switching model this effect by the shift in influence from Acb to the 

behavioral response observed in LI and acquisition. The idea of neural contexts and 

behavioral catalyst may also explain the lack of support for the SLG model with SEM.  

Several regions such as the thalamus, the ventral pallidum, the 

pendunclopontine tegmental nucleus, and sensory cortex, which are proposed regions of 

interest in the SLG model, were not included in this study. CO metabolic data were not 

available for these regions due to incomplete sections or poor tissue quality. Thus, the 

present study aimed to focus on the brain regions shared between the SLG and 

switching model. It is possible that these omitted regions are necessary to create a 

neural context in which SEM would support the SLG model. 

Despite the support for the switching model by SEM, both the SLG and switching 

models contained regions with high residual values. High residuals represent a high 

degree of influence that is not captured with our model. A neural model can only 

represent a system that operates in isolation of other neural structures. Thus these 

models, as represented, may not represent the best possible model. Other brain regions 

may be necessary to help offset high residuals. Most of the high residuals in both 

models were observed in the hippocampal and limbic regions. This suggests that there 

may be another vital component that must be taken into consideration when describing 

neural network models of LI. One such component is sensory processing.  

We have previously shown that sensory gating is involved with LI (Puga et al., 

2007). Since LI has been proposed as a model of schizophrenia it would be useful to 
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investigate the role of sensory gating in LI. Several studies have investigated the link 

between schizophrenia and sensory gating. For example, Adler et al. (Adler et al., 1982) 

first reported sensory gating deficits in acute schizophrenics using P50 auditory-evoked 

potentials to measure responses to changes in stimuli filtering auditory information. 

Studies have since reported similar sensory gating deficits in schizophrenia (Siegel et 

al., 1984; Adler et al., 1985; Judd et al., 1992; Thoma et al., 2004; Hanlon et al., 2005; 

Thoma et al., 2005; Brenner et al., 2009). 

Researchers have also investigated the neurobiology underlying sensory gating. 

For example, Adler et al. (Adler et al., 1988) reported dopamine and norepinephrine 

administration results in sensory gating deficits using a similar P50 auditory-evoked 

potential paradigm. Schizophrenic patients also show restored levels of sensory gating 

when administered atypical antipsychotic medication, such as clozapine (Light et al., 

2000; Adler et al., 2004). However, this finding has been challenged by the observation 

that acute administration of clozapine does not prevent, but only attenuates 

amphetamine induced deficits of sensory gating (Joy et al., 2004). Despite the numerous 

studies investigating sensory gating and schizophrenia, few discuss the implications of 

sensory gating on LI. 

Despite the exclusion of certain brain regions and/or systems in the theory driven 

models, SEM applied to CO metabolic data helped us to gain more understanding of the 

intricate connectivity between brain regions and how their activity was related to 

behavior. More so, we can use this approach to gain a better understanding of existing 

theoretical neural modes of LI. Since SEM represents a simplified description of the 

underlying neural networks, it is necessary to point out that not every region or 
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anatomical connection can be accounted for in one model or it would be unsolvable. In 

fact this is the case if the SLG and switching models are tested with the accumbens shell 

and core separated and reciprocal connections are included. More studies investigating 

neural networks of LI are necessary in order to gain a better understanding of this 

learning paradigm. For example, changes in functional networks during disruption and 

facilitation of LI may give a better indication of which neural systems not included in the 

present models are necessary for LI. It is possible that the attention processing, 

inhibition of behavior and sensory gating views are not mutually exclusive and are in fact 

dependent on each other for LI to occur. 

 

 



 91 

Chapter 5: Facilitation of Latent Inhibition with Methylene Blue 

MB is an autoxidizable dye that is able to transfer electrons to oxygen to form 

water via a reduction-oxidation process that does not rely on stoichometric or net 

reduction (Bruchey & Gonzalez-Lima, 2008a). It is this unique property of MB that has 

made it a therapeutic intervention of interest for diseases characterized by metabolic 

dysfunction. For example, MB has been shown to act as a neuroprotective agent for 

treatment of optic neuropathy, dementia, and drug induced encephalopathy (Turner et 

al., 2003; Zhang et al., 2006; Rojas et al., 2009a). Wainwright & Crossley (Wainwright & 

Crossley, 2002) have reviewed the multiple therapeutic advantages of MB. Interestingly, 

MB has also been proposed as an effective adjunct treatment for psychoses, such as 

manic-depressive psychosis and schizophrenia (Allexsaht, 1938; Narsapur & Naylor, 

1983; Naylor et al., 1986; Deutsch et al., 1997). The neurobehavioral therapeutic 

advantages of MB stem from its unique autoxidizable mechanism of action in cellular 

respiration. 

MB has a strong affinity for the mitochondrial membrane due to its cationic and 

lipophilic properties (Visarius et al., 1999). At low doses (1-5 mg/kg) MB improves 

mitochondrial respiration (Visarius et al., 1997) and prevents free radical damage 

(Salaris et al., 1991). Within the mitochondria MB accepts electrons near complex I and 

complex III of the electron transport chain; while reduced MB, leucomethylene blue, 

donates electrons near cytochrome c between complexes III and IV (Scott & Hunter, 

1966). Thus, low-dose MB acts on the electron transport chain, and increases cellular 

oxygen consumption through a mechanism of action that involves accepting electrons 
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from molecular oxygen (Lindahl & Oberg, 1961). When MB acts as an alternative 

electron acceptor in mitochondria, it also inhibits the production of superoxide by 

competing with molecular oxygen. Due to its role in cellular respiration, the effects of MB 

on cytochrome oxidase (CO) activity have also been investigated. 

CO is the terminal enzyme of the electron transport chain that is the site of 

oxidative phosphorylation and adenosine triphosphate (ATP) synthesis (Wikström et al., 

1981; Wong-Riley, 1989). Low doses of MB have been shown to increase cytochrome c 

oxidation in vitro (Callaway et al., 2004) and in vivo (Gonzalez-Lima & Bruchey, 2004) in 

the rat brain. Cytochrome c oxidation is involved in ATP synthesis and mitochondrial 

respiration. Since the brain is the organ most dependent on oxidative phosphorylation for 

the production of metabolic energy (Sokoloff, 1992), MB could be used to increase brain 

CO activity and improve oxidative energy metabolism in the brain. More so, MB could be 

used to enhance memory since changes in cytochrome oxidase (CO) metabolic activity 

have been linked to memory formation (Cada et al., 1995; de la Torre et al., 1997; Agin 

et al., 2001; Bruchey & Gonzalez-Lima, 2008b; Riha et al., 2008)  

In fact, low doses (1-4 mg/kg) of MB have been shown to significantly enhance 

memory retention in both aversive and appetitive tasks. One of the first studies of MB’s 

effect on memory enhancement showed that post-training MB administration improves 

memory retention on an inhibitory avoidance training (Martinez, 1978). MB has also 

been shown to counter the effects of cytochrome oxidase inhibitors, such as sodium 

azide. For example, 1 mg/kg MB intraperitoneal (i.p.) injections were found to increase 

spatial memory retention in rats trained on a holeboard food search task (Callaway et al., 

2002; Callaway et al., 2004). A 4 mg/kg i.p. dose of MB administered 30 minutes after 
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tone-alone presentations in a Pavlovian extinction study was also shown to enhance 

retention of extinction memory in normal rats and in a strain of congenitally helpless rats 

(Gonzalez-Lima & Bruchey, 2004; Wrubel et al., 2007a). 

The use of MB as an adjunct treatment for schizophrenia presents an interesting 

perspective on this disorder that highlights the role of mitochondrial dysfunction. It has 

been proposed that the deficits observed in schizophrenia are the result of neurotoxicity 

(Wang et al., 2009; Zhang et al., 2009a) and oxidative stress (Reddy & Yao, 1996). For 

example, increased superoxide dismutase activity has been observed in chronic 

schizophrenics (Reddy et al., 1991; Zhang et al., 2009b). These findings suggest that 

the symptoms associated with schizophrenia, such as disrupted latent inhibition (LI), 

may be the result of a break down in metabolic processes in the brain. More research is 

necessary to fully understand the effects of oxidative stress and the observed behavioral 

deficits in schizophrenia. Moreover, the idea of mitochondrial dysfunction stresses the 

need to investigate the role of metabolic enhancers, such as MB, on learning paradigms, 

such as LI, that model behavioral deficits associated with schizophrenia.  

LI is characterized by the reduction of the conditioned response that occurs as a 

consequence of stimulus preexposure. In schizophrenia, LI is impaired and there is no 

decrease in behavioral responding with stimulus preexposure (Baruch et al., 1988a; 

Baruch et al., 1988b; De la Casa & Lubow, 2002). The impaired conditioned response 

observed in LI can be reproduced by changing behavioral training parameters, such as 

number of preexposures, contextual shifts, and number of stimulus-reinforcement 

pairings (Lubow, 1989). The present study focused on the amount of stimulus 

preexposure where a higher number of stimulus-alone presentations will result in higher 
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levels of LI, while a lower number of stimulus presentations will result in lower levels of 

LI. Behavioral conditions in which LI is attenuated (i.e. behavioral responding to the 

conditioned stimulus increases) would model the behavioral deficits associated with 

schizophrenia. 

Based on the therapeutic advantages of MB, we hypothesized that if MB is 

administered immediately following stimulus preexposure, then we would observe an 

enhanced LI effect under training conditions that would normally disrupt LI. To clearly 

demonstrate the effects of MB on LI, a behavioral training paradigm in which the number 

of tone-alone presentations was decreased to produce an attenuated LI effect was used. 

We tested whether 4 mg/kg of MB injected for three days immediately following stimulus 

preexposure would aid in the facilitation of LI. The results suggested that MB does 

enhance LI when it is attenuated. 

METHODS 

Subjects consisted of 5-week old male CBA/J mice (Jackson Laboratory, Bar 

Harbor, ME). The animals were housed under standard laboratory conditions, four to a 

cage, with a 12 hr light/dark cycle (lights on at 0700 hrs) and ad libitum access to food 

and water. All subjects were handled every day for 7 d before the start of training. Thirty 

subjects were used for pilot studies to determine the training parameters needed to 

attenuate the LI effect. Once training parameters were established, 48 naïve subjects 

were randomly assigned to one of four training conditions: preexposure-MB (N =12), 

preexposure-saline (N = 12), non-preexposure-MB (N =12), and non-preexposure-saline 

(N =12). All animal experimentation was approved by the University of Texas Institutional 
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Animal Care and Use Committee and complied with all applicable federal and NIH 

guidelines.  

Apparatus 

The preexposure phase occurred in a neutral context (context A), which 

consisted of a 19 x 25 x 15 cm clear plastic cage placed in a testing room illuminated 

with red light. A lid with a mounted speaker was placed on top of each plastic cage. The 

attached speakers were wired to a Dell laptop, which delivered a frequency-modulated 

tone of 1-2 kHz, two sweeps per second, 15 sec in duration, with an intensity of 65 dB 

measured at the center of the cage. Between sessions, each box was washed and 

swabbed with 70% ethanol to provide a distinctive olfactory environment. 

Tone-footshock pairings occurred in a separate acquisition context (context B), 

which consisted of a 22 x 14 x 22 cm conditioning chamber (MED Associates, St. 

Albans, VT) enclosed in a sound-attenuated box illuminated with red light. Two sides of 

the chamber were aluminum, with clear Plexiglas for the front, back, and top. Tones 

similar to the one presented in the preexposure context were generated by a Wavetek 

Sweep / Modulation generators (Wavetek, San Diego, CA). The unconditioned stimulus 

(US) was a 0.5 mA foot shock, 0.75 sec in duration delivered through metal bars 0.6 cm 

apart that formed the floor of the chamber and were wired to a Lafayette Instruments 

Master Shocker (Lafayatte Instrument Co., Lafayette, IN). Stimuli presentation was 

controlled by computer programs created using MED-PC for Windows (MED 

Associates). Between sessions the operant chambers were washed with soap. 
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BEHAVIORAL TRAINING 

Conditioned behavior 

The conditioned response measured was freezing behavior, operationally 

defined as the mouse having all four feet on the floor, with minimal head movements and 

shallow, rapid breathing for at least 3 sec. Each 15 sec tone was divided into five 3 sec 

bins and the subject’s behavior was scored for each of those bins during a tone 

conditioned stimulus probe session. Behavior was scored by the same trained observer, 

who was blind to the subject’s group assignment. 

Experimental design 

A 2x2 factorial design was used with training (preexposure or non-preexposure) 

and treatment (MB or saline) as factors (Table 5.1). This design allowed for the 

comparison of four groups: preexposure-MB (PEMB), preexposure-saline (PESAL), non-

preexposure-MB (NPEMB) and non-preexposure-saline (NPESAL). All groups 

underwent tone-shock pairings, but the preexposure groups received tone-alone 

presentations prior to paired trials. This experimental design permitted distinguishing 

between (1) the effects of CS preexposure (PEMB vs. NPEMB and PESAL vs. NPSAL), 

(2) the effects of order of treatment (PEMB vs. PESAL and NPEMB vs. NPESAL), and 

(3) the effects of both training and treatment (PEMB vs. NPESAL, PESAL vs. NPEMB). 
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Table 5.1. Experimental Design 

Groups 
 

Phase I 
(Days 2-4)  
Context A 

Phase II 
(Days 5-6) 
Context B 

Probe II 
(Day 7) 
Context A 

Preexposure-Methylene Blue T + MB T → S Weak CR 
Preexposure-Saline T  T → S Moderate CR 
Non-preexposure-Methylene Blue No T + MB T → S Strong CR 
Non-preexposure-Saline No T T → S Strong CR 

 

T = 1-2 kHz tone sweep (15 sec); S = 0.5 mA foot shock (0.75 sec); → = co-terminating 
tone and shock; CR = freezing behavior scored during 15 sec tone. MB = U. S. 
pharmaceutical grade methylene blue injected i.p. at 4 mg/kg each daily session. 
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Phase I  
The number of tones necessary to attenuate LI was piloted starting with one day 

of preexposure in which 90 tones were presented over an hour and then three days of 

preexposure in which 180 tones were presented over 30 min. In both trial experiments 

U.S. pharmaceutical grade (USP) MB (Faulding Pharmaceuticals, Paramus, NJ) was 

administered 30 min after the preexposure session. 

Day one consisted of a habituation session, in which all subjects were placed in 

context B for an hour with no tone or shock presentations. On days two through three 

the preexposed groups received three consecutive days of tone preexposure in context 

A, which consisted of 30 tone alone presentations, 15 sec in duration and 35 sec apart, 

over the course of 30 min. Non-preexposed groups were also placed in context A for the 

same duration, but did not receive tone-alone presentations. Immediately following the 

preexposure session, each subject received either an intraperitoneal injection of MB 

(4mg/kg) or saline.  

Phase II 

In phase II all subjects were placed in context A where they underwent two days 

of acquisition training, which consisted of four 15-sec tone presentations with a 0.75 sec 

co-terminating footshock in context B. Each subject received a total of eight tone-

footshock pairings over the two days of training. Intertrial intervals during acquisition 

training ranged from 2, 2.5, 3, 3.5, to 4 min and were pseudorandomly assigned by the 

MED-PC program. 
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Final probe and tissue collection 

The last day of training consisted of a probe session. In this session each subject 

was placed in context A for 15 min and given four tone-alone presentations. Behavior 

was scored as described above. All subjects were then quickly decapitated with a 

guillotine. Brains were then removed and frozen in -40°C isopentane.  

Statistical Analyses 

Changes in freezing behavior across training days and differences in behavior 

between groups were evaluated on the basis of probe trial data. Freezing scores ranging 

from 0 to 5 were averaged across four tone-alone presentations during each probe 

session and converted from a raw count to a percentage. Behavioral differences 

between groups were analyzed using a 2x2 factorial analysis of variance (ANOVA) with 

condition (preexposure or non-preexposure) and drug treatment (MB or saline) as 

independent variables. Post hoc analysis of data was performed using simple contrast 

comparisons and a one-way ANOVA with Hochberg’s modified Bonferroni correction 

procedure (Hochberg, 1988). The significance level was set at p < 0.05. 

RESULTS 

Pilot Results 

The results from the pilot studies are shown in Figures 5.1 and 5.2. With one day 

of preexposure there was no effect of treatment (F(1, 8) = 0.54; p = 0.48). There was a 

significant effect of training (F(1, 8) = 8.59; p < 0.05). Post hoc analysis revealed a 

significant differences between PEMB and NPESAL (F(1, 8) = 6.72; p < 0.05). There were 
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no other significant differences between groups after post hoc analysis. In the second 

study, with three days of tone-alone presentations and MB administered 30 min post-

preexposure, there were no significant effects of treatment (F(1, 8) = 3.51; p = 0.10) or 

training (F(1, 8) = 1.26;p = 0.29).  The lack of significant training effects suggest the pilots 

were successful at attenuating the LI effect, but MB did not restore the effect when 

administered 30 min post training.  

Behavioral Results 

The results from 3 days of tone-alone presentation with MB administered directly 

after preexposure are presented in Figure 5.3. A significant interaction between 

treatment and training was found (F(1, 34) = 9.42; p < 0.01). The non-preexposed (NPEMB 

and NPESAL) groups showed a high percentage of freezing after acquisition training 

(~80%). The PEMB froze 15% of the time, while the PESAL froze 36% of the time. The 

percentage of freezing in PEMB group was significantly lower than the PESAL (F(1, 34) = 

15.09; p < 0.01), NPEMB (F(1, 34) = 145.27; p < 0.01), and NPESAL (F(1, 34) = 153.96; p < 

0.01) groups. The percentage of freezing in the PESAL group was significantly lower 

NPEMB (F(1, 34) = 70.94; p < 0.01), and NPESAL (F(1, 34) = 65.08; p < 0.01) groups. There 

was no significant difference between NPEMB and NPESAL. 
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Figure 5.1.  Pilot data for one day of preexposure and methylene blue (MB) given 30 

min after preexposure. Preexposure produced latent inhibition learning 

(less freezing) in the preexposed (PE) groups as compared to the non-

preexposed groups (NPE), but MB treatment showed only a trend to 

facilitate the latent inhibition effect compared to saline (SAL) administration. 
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Figure 5.2. Pilot data for three days of preexposure with methylene blue given 30 min 

post preexposure. There were no significant differences in this protocol. 
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Figure 5.3. Behavioral results with 3 days of tone-alone presentations and methylene 

blue (MB) administration immediately following preexposure. Preexposure 

produced a significant latent inhibition effect (less freezing) in the PE 

groups, and this effect was facilitated by MB treatment. 
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DISCUSSION 

We have previously investigated functional neural networks underlying LI in a 

Pavlovian tone-footshock paradigm where mice were given 270 tone-alone 

presentations during preexposure (Puga et al., 2007). In LI, tone preexposure results in 

a decrease in behavioral responding (e.g. low freezing levels). The present study 

demonstrated attenuated LI when mice were given 90 tone-alone presentations. The 

reduced number of stimulus presentations resulted in moderate levels of freezing 

(~40%). This finding is consistent with classic studies demonstrating the number of 

stimulus presentations during preexposure affects the intensity of LI (Domjan & Siegel, 

1971).  

The present study is the first to demonstrate the facilitating effects of MB on LI. 

Mice receiving i.p. injections of MB immediately after tone preexposure exhibited 

enhanced LI, which compensated for the fewer tone-alone presentations. This finding is 

consistent with previous studies investigating the effects of low dose MB administration 

on memory retention in other learning-dependent tasks. For example, post-training MB 

administration improved memory retention in an inhibitory avoidance task (Martinez, 

1978). Additionally, repeated post-training MB administration enhanced spatial memory 

retention in probe trials in a holeboard food search task in rats (Callaway et al., 2004). 

Finally, i.p. injections of MB improved extinction memory in rats when administered 30 

min post-extinction training (Gonzalez-Lima & Bruchey, 2004). 

The results from the present study provide support for the therapeutic 

advantages of MB to facilitate behavioral learning under various conditions. This is 

consisted with studies that have demonstrated the effects of MB on learning paradigms 
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with disrupted behavioral responses. For example, a recent study demonstrated the 

facilitating effects of MB when administered to congenitally helpless rats that showed 

deficits in Pavlovian extinction (Wrubel et al., 2007a). When MB was administered 30 

min post extinction training, congenitally helpless animals showed higher levels of 

extinction than animals given saline. The facilitation of LI by MB also supports previous 

studies demonstrating the therapeutic advantages of MB on schizophrenia.  

MB’s mechanism of action is dependent on stimulating mitochondrial respiration. 

Since MB administration was effective in restoration of LI, these results suggest that 

disruption of LI observed in schizophrenia may be in part due to mitochondrial 

dysfunction. In fact, several studies have proposed the role of oxidative stress in 

schizophrenia (Reddy et al., 1991; Prabakaran et al., 2004; Zhang et al., 2009a). It is 

interesting to note that the effects of MB on LI are dependent on when the drug is 

administered during the training process. Thus, it is necessary to look closely at the 

temporal effects of MB in order to gain an understanding of its potential therapeutic 

advantages in schizophrenia. 

The pilot studies revealed that administration of MB 30 min after preexposure 

resulted in no effect with subjects showing moderate levels of freezing similar to the 

preexposed group that received saline. Only when MB was administered immediately 

following preexposure was an effect observed. This finding is interesting since it has 

previously been reported that extinction memory is facilitated when MB is administered 

30 min post-training (Gonzalez-Lima & Bruchey, 2004).  The need for MB administration 

to immediately follow preexposure is most likely due the ambiguity of the association 

formed during the tone-alone preexposure. In preexposure, subjects have no prior 
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experience with the stimulus. Repeated exposure of the novel stimulus probably 

reinforces a weak association that tone predicts nothing. Administration of MB 30 min 

after preexposure may to long after the event to have any beneficiary effect and thus 

facilitating non-specific associations with the context, home cage, injection, or handling.  

The facilitation observed by MB is also not attributable to carry-over effects of MB 

on acquisition. MB has a half-life of 5–6.5h (Peter et al., 2000) and thus cannot cause a 

deficit in acquisition training 24 hours later. The effects of MB are most likely due to 

enhanced oxidative energy metabolism during memory consolidation (Riha et al., 2005) 

that occurs soon after preexposure. Gonzalez-Lima & Bruchey (Callaway et al., 2004) 

reported MB increases cytochrome oxidase enzymatic activity in a use-dependent 

manner by acting on brain regions with higher metabolic demand during memory 

consolidation after extinction. Thus, MB is most likely acting on metabolically active brain 

regions immediately following preexposure in LI. The use-dependent nature of MB 

makes it an interesting therapeutic intervention that differs from other pharmacological 

treatments.  

The metabolic mechanism of action of MB is unlike that of other pharmacological 

treatments proposed for use in schizophrenia. Most pharmacological interventions for 

schizophrenia target dopaminergic neurons and synapses, which are found throughout 

the brain. Some of these neurons and synapses are relevant to the disorder while others 

are not and result in unwanted side effects from dopaminergic antagonist drugs.  

Previous studies have shown that low does MB administration improves memory 

retention of fear extinction without affecting motor activity or overall fearfulness In fact, 

MB selectively enhances metabolism only in activated brain regions specific to a 
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particular learning paradigm (Gonzalez-Lima & Bruchey, 2004). Thus MB does not result 

in side effects due to the drug acting on synaptic transmission elsewhere in the brain.  

Since MB’s mechanism of action focuses on the metabolically active brain 

regions after preexposure, the observed effect on disrupted LI is likely due to MB’s 

facilitation of memory processing. The control experiments with non-preexposed groups 

suggest that the observed MB effects on conditioned freezing are more likely the result 

of enhanced retention of the preexposure memory rather than motor or anxiolytic effects. 

It has also been demonstrated that injections of MB do not affect levels of motor activity 

or fearfulness which could affect freezing behavior (Gonzalez-Lima & Bruchey, 2004).  

 The effects of MB on LI stress the need for more studies. Specifically, studies 

investigating the effects of MB on the brain during LI are needed to get a better 

understanding of LI disruption in schizophrenia. More research on the facilitating effects 

of MB on schizophrenia will further advance therapeutic interventions used for this 

disorder. The present results show MB’s ability to enhance preexposure memory in LI. 

They also may lend indirect support for the role of oxidative stress in schizophrenia; 

however, there needs to be further investigation of the neural mechanism underlying 

disrupted and facilitated LI. 
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Chapter 6: Neural Network Models of Attenuated and Facilitated 

Latent Inhibition 

INTRODUCTION 

We have previously demonstrated the effects of the metabolic enhancer, 

methylene blue (MB) on latent inhibition (LI). MB resulted in the facilitation of LI with 

repeated low-dose administration immediately following preexposure. Facilitation of LI 

occurred when the effect was attenuated by decreasing the number of tone-alone 

presentations during preexposure. This finding was consistent with previous studies that 

showed MB facilitated memory in appetitive and aversive conditioning, object recognition 

memory, long-term habituation, and discrimination learning (Callaway et al., 2002; 

Callaway et al., 2004; Gonzalez-Lima & Bruchey, 2004; Riha et al., 2005) (Wrubel et al., 

2007b). These previous studies also reported that MB is most likely acting as a 

metabolic memory enhancer by increasing cytochrome oxidase (CO) metabolic capacity.  

CO is the terminal enzyme of the electron transport chain that is the site of 

oxidative phosphorylation and adenosine triphosphate (ATP) synthesis (Wikström et al., 

1981; Wong-Riley, 1989). MB is thought to increase CO metabolic capacity by 

increasing ATP production within the mitochondrion of a neuron. Low doses of MB have 

been shown to increase cytochrome c oxidation in vitro (Callaway et al., 2004) and in 

vivo (Gonzalez-Lima & Bruchey, 2004) in the rat brain. Cytochrome c oxidation is 

involved in mitochondrial respiration and ATP synthesis. These processes are greatly 

increased during memory processing suggesting that changes in CO activity are linked 

to memory formation (Cada et al., 1995; de la Torre et al., 1997; Agin et al., 2001; 
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Bruchey & Gonzalez-Lima, 2008b; Riha et al., 2008). Thus, MB could be used as a 

memory enhancer by increasing brain regions metabolic capacity and thus improving 

oxidative energy metabolism and ATP production.  

MB’s tissue specificity for mitochondrial respiration is energy use-dependent and 

found in higher concentrations in the brain (O'Leary et al., 1968), which is the organ 

most dependent on oxidative phosphorylation and production of ATP (Sokoloff, 1992). 

MB has been shown to increase CO activity within brain regions when administered 

during memory consolidation (Gonzalez-Lima & Bruchey, 2004). Such a change in 

metabolic capacity can be used to build a network model that describes relationships 

between regions and how they are modified with MB administration. Chapter 3 reported 

a functional neural network model of LI that is dependent on the gating of sensory 

information using CO histochemistry. The present study aims to investigate changes in 

CO activity due to administration of MB in a LI paradigm involving Pavlovian tone-

footshock conditioning. Differences in interactions between anatomically and functionally 

related regions were investigated using quantitative CO histochemistry and structural 

equation modeling (SEM). 

Previous models of LI have been explored, such as the Schmajuk-Lam-Gray 

model (Schmajuk et al., 1996; Schmajuk et al., 2001; Schmajuk, 2005), the switching 

model (Weiner, 1990; Weiner & Feldon, 1997; Weiner, 2003), and sensory gating model 

(Puga et al., 2007). These models offer three different views on the neural mechanism 

underlying LI and it’s relation to schizophrenia; however, none of these models directly 

address how therapeutic interventions may alter the proposed model. The proposed 

brain regions in the SLG and switching models are based on their involvement in 
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schizophrenia and its treatment, but the effects of drug intervention, such as 

administration of atypical antipsychotics, are not fully explored. The present study aims 

to investigate changes in a functional network model of LI due to the therapeutic 

intervention of MB. 

Previous studies have shown SEM to be a useful tool to investigate the 

interactions between brain regions in behavioral paradigms, such as Pavlovian 

conditioning, conditioned inhibition, habituation, fear extinction, and latent inhibition 

(McIntosh & Gonzalez-Lima, 1992, 1993, 1994, 1995; Bruchey et al., 2007; Puga et al., 

2007). SEM has also been used to describe functional interactions between regions 

through covariance changes in metabolic capacity (Puga et al., 2007; O'Reilly et al., 

2009).  Covariance changes in CO activity between brain regions reflect differences in 

functional coupling among brain areas (Sakata et al., 2000). These differences in 

functional coupling can be used to determine functional neural pathways modified as a 

consequence of attenuation and facilitation of LI.  

The present study investigated changes in CO activity and differences in 

functional interactions in attenuated and facilitated LI. We predicted that attenuation of LI 

would result in a decrease of sensory gating and an increase in functional output 

interactions to hippocampal regions. We also predicted that administration of MB would 

restore increased sensory gating and decreased hippocampal interactions previously 

described in Chapter 3. The results in the present study showed a unique neural network 

pattern in attenuated and facilitated LI that depended on sensory gating, attention 

processes, and inhibition of behavioral expression. 
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METHODS 

The brains from subjects described in chapter 5 were used for this study. Again, 

a 2x2 factorial design was used with training (preexposure or no preexposure) and 

treatment (MB or saline) as the independent variables. Changes in CO activity were 

compared between four groups: preexposure-MB (PEMB), preexposure-saline (PESAL), 

non-preexposure-MB (NPEMB) and non-preexposure-saline (NPESAL). This 

experimental design permitted distinguishing differences in metabolic capacity due to 

training, treatment, and the interaction between the two variables. 

After behavioral training and testing (as previously described in chapter 5) brains 

were removed and frozen in isopentane. Each brain was then cut into 40 μm sections at 

-20°C on a Reichert-Jung 2800 Frigocut E cryostat. Two series of adjacent sections 

were picked up on slides and stored at -40°C. One series was processed using 

cytochrome oxidase histochemistry. 

Cytochrome oxidase histochemistry 

Slides with frozen brain sections were carefully selected to assure best possible 

section quality. Because of the large number of slides processed, it was necessary to 

run CO histochemistry in several batches. Each batch contained the slides from the 

same Bregma level and two CO standard slides. This was done to reduce between-

batch differences due to staining. Thus, the analysis of the between-region differences 

was done on slides that were processed at the same time.  

Sections were processed for quantitative cytochrome oxidase histochemistry 

using the procedure described in Chapter 2. Briefly stated, slides were treated for five 

min in a phosphate buffer followed by three changes of phosphate buffer containing 10% 
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w/v sucrose at 5 min each. Slides were then placed in a Tris buffer for 10 min, followed 

by a phosphate buffer rinse for 5 min, and then placed in an incubation bath containing 

diaminobenzedine tetrahydrocholoride for 1 hr at 37°C. After the incubation slides were 

placed in a 10% sucrose phosphate buffer with 4% v/v formalin for 30 min. The slides 

were then dehydrated with ethanol, cleaned with xylene, and coverslipped with 

Permount (Fisher Scientific, Pittsburgh, PA). 

 Image analysis 

Imagining of brain regions followed the procedure outlined in Chapter 2. Optical 

density for the cytochrome oxidase-stained tissue was analyzed using an image 

processing system consisting of a CCD camera, DC powered light box, image capture 

board (Targa), and Java image analysis software (version 1.4, Jandel Scientific, San 

Rafael, CA).  The system was calibrated using an optical density step tablet, and the 

images were corrected for optical distortions using a subtraction of background 

illumination. Optical density was sampled across three adjacent sections from both 

hemispheres, averaged, and converted to enzymatic activity units (μmol/min/g tissue wet 

weight) using spectrophotometric measurements taken from the brain tissue standards. 

Statistical analysis 

Regional mean activity  

Regions of interest (ROIs) were selected based on our previous studies with LI, 

extinction, habituation, and Pavlovian conditioned inhibition. Whole brain averages were 

used to normalize CO enzymatic activity units for a single region in order to account for 
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variation in CO activity within an individual brain. Normalized ratios of regional measures 

of CO activity were then multiplied by a baseline unit constant (200 μmol/min/g tissue 

wet weight) obtained as the mean value of brains from untreated subjects to correct data 

to units of enzymatic activity. Regional activity was averaged across subjects for each 

group to obtain mean ± standard error of mean.  

Interregional correlations 

Pearson correlations were calculated between regions that showed a mean 

difference between groups. A jackknife procedure, previously described, was performed 

to ensure validity among correlations and to minimize Type I errors.  Correlations were 

considered significant at p < 0.05 through all iterations of the jackknife. A Fisher Z 

transformation was then used to convert each correlation to a Z score. The following 

formula was used to compare group differences for each significant correlation: 

 

( 1) ( 2)

1 2(1/ 3) (1/ 3)
ij group ij group

g g

Z ZZ
n n

−
=

− + −  

 

(where Zij is the Fisher Z transformation value for the correlation coefficient between 

regions i and j, ng1 is the sample size in group one, and ng2 is the sample size in group 

two). 

Brain-behavior correlations 

  Behavior was correlated with brain region metabolic data to provide a measure of 

changes in CO activity related to freezing behavior. Positive brain-behavior correlations 
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reflect a linear relationship between increased regional activity and strength of freezing 

behavior, while a negative correlation reflects a linear relationship between decreased 

regional activity and strength of freezing behavior. The jackknife procedure was also 

used to ensure the reliability of brain-behavior correlations. 

Structural equation modeling 

Regions that showed significant differences in CO metabolic activity and 

interregional correlations were used for SEM. The literature was reviewed for regions in 

the proposed model in order to identify their major anatomical connections (as confirmed 

by both anterograde and retrograde tracer studies). The final anatomical model used for 

SEM is represented in Figure 6.1. This model represents a simplified version of the 

anatomical connections limited to major pathways since inclusion of every possible 

connection would make the path models unsolvable.  

For SEM, pairwise correlations were computed between regions showing 

significant main effects and significant interaction effects. Regions used for the final 

model included the TE1 auditory cortex (AC), hippocampus (Hipp), medial dorsal 

thalamus (MD), lateral frontal cortex (LFR), anterior cingulate (ACg), entorhinal cortex 

(ENT), basolateral amygdala (BLA).  For simplicity of the model, the dentate gyrus, CA1 

hippocampus, and subiculum were combined for Hipp due to a high degree of 

collinearity between these regions. High collinearity is problematic in SEM since it places 

constraints on the model that make it unsolvable. Interregional correlations were used to 

determine path coefficients for PEMB and PESAL. 

Path coefficients were computed using LISREL (version 8.54, Scientific 

Software) and omnibus comparisons between groups were performed using a stacked 
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model approach described in Chapter 3. The model was described in terms of direct 

effects, total effects, and residuals. The decomposition of such effects can be 

informative in that it provides an indication of a brain region or pathway’s total influence 

and whether this influence is modified at any stage in the system. Direct effects are 

represented by path coefficients and quantify the causal influence of a given structure on 

another. Total effects represent the impact of a region on all other regions and are the 

algebraic sum of direct and indirect effects. Residual values are the combined influences 

of areas outside the model and the influence of the brain region upon itself.  
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Figure 6.1.  Proposed anatomical network model of latent inhibition facilitated with 

methylene blue. Regions are represented by abbreviations. Anatomical 

connections are represented by arrows. TE1 auditory cortex = AC; 

basolateral amygdala = BLA; entorhinal cortex = ENT; hippocampus = 

Hipp; anterior cingulate = ACg; medial dorsal thalamus = MD; prefrontal 

cortex = PFr, freezing behavior = CR. 
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RESULTS 

Mean brain CO activity results 

Of 51 regions of interest (ROIs) measured, 17 showed significant overall effects  

after factorial ANOVA (p < 0.05) and post-hoc simple effects contrasts (p < 0.05). Three 

classes of effects were observed with factorial ANOVA: (1) training effects; (2) treatment 

effects; and (3) interaction (training + treatment) effects. Post-hoc simple effects were 

used to determine significant differences between groups (PEMB, PESAL, NPEMB, and 

NPESAL) for all regions that showed a significant main effect or interaction. For each 

comparison, a baseline CO value obtained from naive animals with no training or 

treatment was used to determine the direction of change in metabolic capacity, but was 

not included in the experimental design. CO activity data for training effects, treatment 

effects, and all regions showing a significant group effect are presented in Table 6.1, 6.2, 

and 6.3.  

Training effects 

Factorial ANOVA revealed a significant main effect for training in the anterior 

cingulate cortex (F(1,30) = 7.36; p< 0.05), posterior cingulate (F(1,31) = 5.33; p< 0.05), 

medial frontal cortex (F(1,33) = 5.58; p < 0.05), and lateral frontal cortex (F(1,33) = 5.84; p < 

0.05).  Lower CO activity (6-9%) was observed in the preexposed groups for the anterior 

cingulate cortex and posterior cingulate cortex relative to non-preexposed groups. CO 

activity in the lateral frontal cortex and medial frontal cortex was greater (11-12%) in the 

preexposed group relative to the non-preexposed group.  
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Table 6.1. Significant main effects for training in mean cytochrome oxidase activity 

values ± standard error of mean (μmol/min/g tissue wet weight) 

Regions of Interest (ROIs)   Preexposure   Non-preexposure 
     
Medial frontal cortex (MFr)  186 ± 6*  167 ± 6 
Lateral frontal cortex (LFr)  199 ± 7*  177 ± 5 
Anterior cingulate (ACg)  179 ± 5*  197 ± 9 
Posterior cingulate (PCg)  315 ± 5*  335 ± 6 
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Treatment effects 

  Changes in metabolic capacity in TE1 (F(1,31) = 4.95; p < 0.05), TE2 (F(1,31) = 5.45; 

p < 0.05), CA1 hippocampus (F(1,31) = 6.36; p < 0.05), and subiculum (F(1,31) = 5.84; p < 

0.05) showed a significant main effect for treatment. Specifically, CO activity in the TE1 

showed a 12% decrease with MB administration. There was a 15% increase of 

metabolic capacity with MB administration in TE2. Finally, lower CO activity was 

observed in with MB administration in the CA1 hippocampus (14%) and subiculum 

(10%). 
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 Table 6.2. Significant main effects for treatment in mean cytochrome oxidase activity 

values ± standard error of mean (μmol/min/g tissue wet weight) 

Regions of Interest (ROIs)   Preexposure   Non-preexposure 
     
Auditory cortex (TE1)  194 ± 9*  221 ± 7 
Auditory cortex (TE2)  260 ± 13*  227 ± 8 
Hippocampus (CA1)  179 ± 8*  207 ± 8 
Subiculum (Sub)  174 ± 8*  194 ± 5 
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Training and Treatment effects 

Significant interactions were found in limbic and parahippocampal regions 

including the posterior cingulate cortex (F(1,31) = 13.68; p< 0.01), entorhinal cortex (F(1,31) 

= 4.53; p< 0.05), basolateral amygdala (F(1,32) = 5.18; p< 0.05), central amygdala (F(1,32) = 

4.15; p< 0.05), and dentate gyrus (F(1,32) = 6.87; p< 0.05). Thalamic regions, such as the 

medial dorsal nucleus (F(1,32) = 6.30; p< 0.05) and anterior thalamic nucleus (F(1,32) = 

5.06; p< 0.05), showed a significant interaction along with auditory regions, including the 

ventral cochlear nucleus (F(1,26) 7.03; p< 0.05) and lateral lemniscus nucleus (F(1,31) = 

5.80; p< 0.05)   

The posterior cingulate showed less CO activity (17%) in the PESAL (11%) and 

NPEMB (5%) groups relative to the NPESAL group. Greater CO activity in entorhinal 

cortex was observed in the PEMB group (27-33%) relative to the PESAL, NPEMB, and 

NPESAL groups. An increase in CO activity was observed for the dentate gyrus in the 

PEMB group compared to PESAL group (20%). The basolateral amygdala, central 

amygdala, medial dorsal thalamus, and anterior thalamic nucleus showed a 12-17% 

decrease in CO activity in the NPEMB group relative to the NPESAL group. A significant 

decrease in CO activity for the BLA was also observed in the PESAL group relative to 

the NPESAL group (17%). In the lateral lemniscus nucleus there was a 42% increase 

and in CO activity for the PEMB group compared to the PESAL group and 27% 

decrease in CO activity for the PESAL group relative to NPSAL. Finally, a 32% increase 

in metabolic capacity was observed in the VCA for the NPEMB and PESAL groups 

relative to the NPESAL group. 
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Table 6.3.  Simple effects for regions of interest showing a significant main effect or 

interaction in mean cytochrome oxidase (CO) activity values ± stander error of mean 

(μmol/min/g tissue wet weight). Preexposure + methylene blue = PEMB, preexposure + 

saline = PESAL, no preexposure + methylene blue = NPEMB, and no preexposure + 

saline = NPESAL. 

  Regions of Interest (ROIs)   PEMB   PESAL   NPEMB   NPESAL   Baseline 
   

  

 

  

 

  

 

  

 
Medial frontal cortex (MFr)  194 ± 10 178 ± 4 170 ± 7* 164 ± 9* 212 ± 5 
Lateral frontal cortex (LFr)  196 ± 12 202 ± 7 182 ± 7 172 ± 10* 214 ± 5 
Anterior cingulate (ACg)  167 ± 6 189 ± 4* 196 ± 9** 198 ± 6* 216 ± 6 
Posterior cingulate (PCg)  321 ± 8* 310 ± 5** 309 ± 5** 362 ± 14 276 ± 5 
       
Subiculum (Sub)  177 ± 8  198 ± 9  171 ± 9*  191 ± 6  173 ± 12 
Hippocampus (CA1)  186 ± 13*  217 ± 12  174 ± 8**  196 ± 10  173 ± 5 
Dentate gyrus (DG)  185 ± 16  154 ± 6*  158 ± 8  180 ± 10  150 ± 7 
Entorhinal cortex (ENT)  277 ± 27  207 ± 13*  208 ± 16*  218 ± 11*  162 ± 6 
Basolateral amygdala (BLA)  263 ± 25  237 ± 8*  238 ± 13*  288 ± 20  189 ± 9 
Central lateral amygdala (CEA)  260± 26  240 ± 5  228 ± 13*  279 ± 21  201± 9 
           
Ventral cochlear nucleus, 
anterior (VCA)  282 ± 27  343 ± 32*  338 ± 30*  257 ± 16  263 ± 10 
Lateral lemniscus nucleus (LL)  296 ± 33*  207 ± 19  246 ± 26  285 ± 27*  253 ± 5 
Auditory Cortex (TE1)  199 ± 15  217 ± 9**  190 ± 12  225 ± 11*  188 ± 9 
Auditory cortex (TE2)  273 ± 16  222 ± 13*  251 ± 19  231 ± 9  200 ± 6 
           
Medial dorsal thalamus (MD)  305 ± 13  295 ± 7  278 ± 9  316 ± 9**  256 ± 9 
Anterior thalamus (ANT)  290 ± 18  271 ± 7  257 ± 10  299 ± 17*  237 ± 11 

                 

Bold face = Mean CO value showing significant effects between groups (*p < 0.05; 

**p<0.01) 
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Interregional within-group correlations 

There were 10 interregional correlation coefficients (r) that were greater than 

zero at p < 0.05 after jackknife testing across all groups. Correlation analysis revealed 

changes in metabolic capacity in the posterior cingulate was positively correlated with 

the subiculum (PCg-SUB; r = 0.93) while changes in CO activity in the mediodorsal 

thalamus was positively correlated with the anterior thalamic nucleus (MD-ANT; r = 0.77) 

in the PEMB group.  CO activity in the entorhinal cortex was also positively correlated 

with the ventral cochlear nucleus (ENT-VCA; r = 0.86) in the PEMB group. The anterior 

cingulate was negatively correlated with the subiculum (ACg-SUB; r = -0.81) and 

positively correlated with the lateral lemniscus nucleus (ACg-LL; r = 0.76) in the PESAL 

group. There was a negative correlation observed between CA1 hippocampus and the 

lateral lemniscus nucleus (CA1-LL r = -0.77) and a positive correlation observed 

between the TE1 auditory cortex and entorhinal cortex (TE1-ENT r = 0.77). 

In the NPEMB group a change in metabolic capacity in the lateral frontal cortex 

was negatively correlated with changes in the anterior cingulate cortex (LFr-ACg; r = -

0.82). A positive correlation was also observed between TE1 auditory cortex and 

entorhinal cortex (TE1-ACg; r = 0.99). Finally, a change in CO activity in basolateral 

amygdala was positively correlated with a change in the central amygdala for both the 

NPEMB (BLA-CEA; 0.94) and NPESAL (BLA-CEA; 0.96) groups.  

Several correlations showed a significant difference between groups using the 

Fisher-Z transformation at p < 0.01 including PCg-SUB, ACg-SUB, TE1-ENT, TE2-ENT, 

and LFr-ACg correlations. The PCg-SUB correlation was 0.93 in the PEMB group, which 

was significantly different from the PESAL (r = 0.19) and NPEMB (r = -0.09) groups. The 
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ACg-SUB correlation was 0.50 in the PEMB group, which differed significantly from 

PESAL (r = -0.81). TE1-ENT, TE2-ENT and LFr-ACg correlations differed significantly 

between PEMB (r = 0.76, 0.20, and 0.42 respectively) and NPMB (r = -0.49, 0.94, and -

0.82). TE1-ENT also differed significantly between PESAL (r = 0.65) and NPEMB (r = -

0.49). Finally with the TE2-ENT correlation, the NPEMB group (r = 0.94) differed 

significantly from NPESAL (r = 0.31).  
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Table 6.4.  Correlation matrix for regions of interest (ROIs) showing mean differences 

in PEMB group.  

 
ROIs LFr MFr ACg BLA CEA MD ANT PCg DG TE1 CA1 LLV TE2 ENT VCA SUB 
                 

LFr 1.00                

MFr 0.61 1.00                             

ACG 0.42 0.22 1.00                           

BLA 0.08 0.52 -0.67 1.00                         

CEA 0.49 0.66 0.20 0.87** 1.00                       

MD 0.51 0.54 -0.12 0.81* 0.93** 1.00                     

ANT 0.80* 0.64 0.02 0.55 0.74* 0.71* 1.00                   

PCg 0.18 0.33 0.48 0.53 0.69 0.72* 0.21 1.00                 

DG 0.02 0.30 -0.28 0.18 0.07 0.23 0.00 0.18 1.00               

TE1 -0.56 -0.61 0.06 0.07 0.00 -0.09 -0.45 0.27 -0.54 1.00             

CA1 0.31 0.37 0.64 0.27 0.57 0.41 0.09 0.71* 0.04 0.28 1.00           

LLV 0.14 -0.37 0.25 -0.68 -0.56 -0.49 -0.28 -0.51 0.26 -0.35 -0.05 1.00         

TE2 -0.71 -0.54 -0.49 -0.49 -0.77* -0.63 -0.75 -0.29 0.29 -0.06 -0.54 0.16 1.00       

ENT -0.43 -0.56 0.70 -0.39 -0.30 -0.38 -0.73 0.24 -0.04 0.75* 0.48 0.20 0.20 1.00     

VCA -0.72 -0.48 0.38 -0.24 -0.32 -0.42 -0.83* 0.27 -0.09 .804* 0.29 -0.16 0.46 0.86* 1.00 . 

SUB 0.06 0.28 0.50 0.30 0.48 0.45 -0.07 0.93* 0.19 0.31 0.80* -0.34 -0.12 0.48 0.51 1.00 

                 

   

(Pearson r correlation coefficient; * p < 0.05 ** p < 0.01) 
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Table 6.5.  Correlation matrix for regions of interest (ROIs) showing mean differences 

in PESAL group .  

 ROIs LFr MFr ACg BLA CEA MD ANT PCg DG TE1 CA1 LLV TE2 ENT VCA SUB 
                 
LFr 1.00                               

MFr 0.35 1.00                             

ACG -0.10 -0.25 1.00                           

BLA -0.36 0.08 -0.30 1.00                         

CEA -0.09 -0.10 -0.48 0.08* 1.00                       

MD -0.08 0.36 0.24 0.30 0.11 1.00                     

ANT 0.12 0.22 -0.19 -0.41 -0.39 0.44 1.00                   

PCg 0.43 -0.01 -0.06 -0.11 -0.16 0.20 0.24 1.00                 

DG -0.29 -0.13 0.50 -0.15 -0.20 0.48 0.13 0.12 1.00               

TE1 0.31 -0.08 -0.45 -0.35 0.17 -0.28 0.17 0.05 0.19 1.00             

CA1 -0.18 -0.08 -0.86** 0.29 0.30 -0.29 0.12 0.23 -0.57 0.06 1.00           

LLV 0.25 0.02 0.76* -0.32 -0.24 0.10 -0.38 0.13 0.55 0.01 -0.77* 1.00         

TE2 -0.39 -0.08 -0.29 0.17 0.43 0.04 -0.14 -0.11 0.48 0.57 0.15 0.09 1.00       

ENT -0.28 -0.32 -0.21 -0.33 -0.10 -0.31 0.03 0.15 0.47 0.65 0.20 0.12 0.77* 1.00     

VCA -0.56 -0.75 0.80 -0.14 -0.41 -0.27 0.07 0.29 0.41 -0.24 0.15 -0.14 -0.03 0.45 1.00   

SUB -0.21 0.14 -0.81* 0.49 0.36 -0.31 -0.28 0.19 -0.33 0.09 0.79* -0.43 0.39 0.32 0.08 1.00 

                 

 

(Pearson r correlation coefficient; * p < 0.05 ** p < 0.01) 
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Table 6.6.  Correlation matrix for regions of interest (ROIs) showing mean differences 

in NPEMB group.  

  
  LFr MFr ACg BLA CEA MD ANT PCg DG TE1 CA1 LLV TE2 ENT VCA SUB 
                 

LFr 1.00                               

MFr 0.13 1.00                             

ACG -0.82** 0.20 1.00                           

BLA -0.43 0.53 0.49 1.00                         

CEA -0.57 0.31 0.51 0.94** 1.00                       

MD -0.18 0.28 0.47 0.61 0.56 1.00                     

ANT -0.15 -0.09 0.09 0.58 0.72* 0.62 1.00                   

PCg -0.22 0.13 -0.06 0.49 0.26 0.21 -0.04 1.00                 

DG 0.17 0.27 -0.12 -0.17 -0.28 0.16 -0.38 0.54 1.00               

TE1 0.17 0.29 -0.42 0.16 0.12 -0.12 0.01 0.63 0.56 1.00             

CA1 0.36 0.39 -0.30 -0.10 -0.33 -0.38 -0.57 0.40 0.36 0.54 1.00           

LLV -0.35 -0.63* 0.13 -0.06 0.15 0.09 0.31 -0.01 -0.13 -0.22 -0.47 1.00         

TE2 0.12 -0.47 -0.13 -0.37 -0.45 -0.08 -0.24 0.09 -0.15 -0.50 -0.16 -0.06 1.00       

ENT 0.34 -0.41 -0.27 -0.37 -0.49 -0.06 -0.19 -0.01 -0.21 -0.49 -0.02 -0.09 0.94** 1.00     

VCA -0.17 -0.63 0.15 -0.22 -0.07 -0.29 -0.05 -0.49 -0.64 -0.70 -0.48 0.55 0.32 0.32 1.00   

SUB 0.60 0.14 -0.52 -0.32 -0.41 -0.35 -0.20 -0.09 -0.01 0.35 .674* -0.57 -0.08 0.11 -0.60 1.00 

                 

 
(Pearson r correlation coefficient; * p < 0.05 ** p < 0.01) 
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Table 6.7.  Correlation matrix for regions of interest (ROIs) showing mean differences 

in NPSAL group.   

  LFr MFr ACg BLA CEA MD ANT PCg DG TE1 CA1 LLV TE2 ENT VCA SUB 
                 

LFr 1.00                               

MFr 0.42 1.00                             

ACG -0.27 -0.27 1.00                           

BLA -0.42 -0.13 0.21 1.00                         

CEA -0.54 -0.11 0.09 0.96** 1.00                       

MD -.718* 0.00 0.19 0.49 0.59 1.00                     

ANT -.778* -0.12 0.02 0.78* 0.86** 0.81** 1.00                   

PCg -0.53 0.00 0.04 0.52 0.64 0.78* 0.66 1.00                 

DG -0.39 0.03 -0.15 0.06 0.24 0.49 0.35 0.21 1.00               

TE1 -0.01 -0.80* 0.12 -0.24 -0.33 -0.37 -0.24 -0.53 -0.32 1.00             

CA1 -0.50 -0.22 0.17 0.65 .747* 0.56 0.59 0.89** 0.42 -0.37 1.00           

LLV 0.10 0.13 0.08 0.40 0.25 0.07 0.24 -0.20 -0.37 0.10 -0.41 1.00         

TE2 0.33 -0.36 -0.13 0.31 0.22 -0.40 -0.13 0.10 -0.55 0.30 0.27 0.03 1.00       

ENT -0.10 -0.26 -0.06 0.32 0.30 -0.13 0.23 -0.03 0.10 0.21 0.39 -0.30 0.31 1.00     

VCA -0.76* -0.55 0.27 0.64 .75) 0.43 0.65 0.59 0.31 -0.17 0.82* -0.28 0.17 0.32 1.00   

SUB -0.68 -0.54 0.03 0.17 0.34 0.49 0.45 0.54 0.69 0.08 0.71* -0.65 -0.09 0.40 0.71 1.00 

                 

 
(Pearson r correlation coefficient; * p < 0.05 ** p < 0.01) 
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Brain-behavior correlations 

After the jackknife procedure no regions showed a significant correlation with 

conditioned behavior in any of the four groups analyzed separately; however pooling 

subjects from all the groups together resulted in significant brain-behavior correlation 

with the medial frontal cortex (r = -0.44) and anterior cingulate (0.43). An increase in CO 

activity in the medial frontal cortex results in a decrease in freezing behavior. In the 

anterior cingulate an increase in metabolic capacity results in a corresponding increase 

in freezing behavior. 

Structural equation modeling 

Bivariate correlations were used to compute path coefficients between regions in 

the PEMB and PESAL groups for the proposed network model. These correlations 

included ROIs that were combined for simplicity to compute causal influences between 

regions using SEM. Chi-square analysis revealed that a model where all paths were free 

to vary was significantly different from a model with fixed paths (X2
diff(10) = 50.5 p<0.01). 

This indicates that the patterns of interactions among ROIs were statistically different 

between the PEMB and PESAL groups. Differences in path coefficients between the two 

models are represented in Figure 6.3. Direct effects, total effects, and residual influences 

are listed in tables 6.4 and 6.5 and are described below. 

Direct effects 

  The results showed a general shift in the strength of functional connectivity 

between regions with MB administration to facilitate LI. The first shift in the strength of 
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direct influences was observed in connections between auditory and limbic regions. The 

direct influence from AC to the BLA was negative and weak (-0.20) in PEMB compared 

to a moderate influence (-0.43) in PESAL. The AC’s influence on ENT was also negative 

and weak with a path coefficient of -0.17 in PEMB and positive and moderate (0.4) in 

PESAL. The reduced influence from the auditory cortex was reflected in connections 

between limbic regions. Differences in the strength of path coefficients from 

moderate/strong to weak with MB administration were observed in the following 

pathways: ENT to Hipp (PEMB = -0.10; PESAL = 0.44) and Hipp to ACg (PEMB = 0.22; 

PESAL = -0.63). The influence from BLA to ENT differed slightly between models 

(PEMB = 0.03; PESAL = 0.29). 

 Functional connections between the cingulate cortex, limbic, and thalamic nuclei 

also differed with MB administration. The ACg’s influence on the ENT and BLA was 

strong and negative in PEMB (-0.65 and -0.54, respectively) while the same pathway 

was weaker and negative in PESAL (-0.05 and -0.51, respectively). Path coefficients 

between the ACg and MD differed slightly between PEMB and PESAL (0.22 and 0.01 

respectively); however, the strength of the direct influence differed between the BLA and 

MD in PEMB (0.53) and PESAL (-0.07). This difference in the direct influence between 

groups from the amygdala to the thalamus indirectly influenced connections with the 

prefrontal cortex. Influence from the MD to MFr differed between the two models with a 

moderately strong path coefficient (0.58) in the MB model and a weak path coefficient 

(0.33) in the saline model.  
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Total effects 

Total effects computed for the influence of the AC on all regions are shown in 

tables 6.4 and 6.5 and main differences are represented in Figure 6.3. In general, the 

AC’s total influences with MB are all weak and negative. The AC’s total influences in 

PESAL were weak to moderate and positive. The AC’s total influence on limbic regions, 

such as BLA, ENT, Hipp, and ACg were weak in PEMB and moderate in PESAL. The 

AC’s total influence on the Hipp changed from negative in the PEMB group to positive in 

the PESAL group. Other total effects were observed, but none showed as dramatic a 

change in strength and direction between the PEMB and PESAL models. 

Residual influences 

BLA, ENT, and MFr residuals were moderate in the PEMB group indicating that 

most of the variance for these regions was accounted for by the selected pathways. The 

rest of the regions in the PEMB group were above 0.80, suggesting outside influence not 

accounted for in the proposed model. BLA and MD residuals were moderate in the 

PESAL group while high residuals (>0.70) were observed in the remaining regions. 
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Figure 6.2  Graphic representation of the direct effects for a) preexposed-saline 

(PESAL) groups and b) preexposed-methylene blue (PEMB). Magnitude of 

the direct effect is proportional to arrow width for each path. Positive path 

coefficients are shown as solid arrows, whereas negative coefficients are 

shown as segmented arrows. Path coefficients are indicated next to each 

arrow. Abbreviations are defined in Figure 6.1. 

 



 133 

Table 6.8  Total effects, direct effects and residuals (PSI values) for the PEMB model. 

ROIs   AC BLA Ent Hipp ACg MD MFr 
 

A. Total Effects 
AC         
BLA  -0.20        
Ent  -0.18 0.03      
Hipp   0.00 0.00 0.13     
ACg   0.00 0.00 0.00  0.30    
Thal  -0.11 0.48 0.40 -0.02 -0.08   
MFr  -0.06 0.34 0.00 -0.02 -0.05 0.58  

        
        

B. Direct Effects 
AC         
BLA  -0.17    -0.54   
Ent  -0.20 0.03   -0.65   
Hipp    0.10     
ACg     0.22    
Thal   0.53    0.22   
MFr         
         
         

C. PSI (residuals) 
         
  1.00 0.66 0.68 1.00 0.79 0.95  0.67  
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Table 6.9  Total effects, direct effects and residuals (PSI values) for the PESAL model. 

ROIs   AC BLA Ent Hipp ACg MD MFr 
 

A. Total Effects 
AC         
BLA  -0.38        
Ent   0.35  0.30      
Hipp   0.16  0.14  0.48     
ACg  -0.10 -0.09 -0.30  0.65    
Thal   0.02 -0.08 -0.02 -0.03 0.05   
MFr   0.01 -0.03 -0.01  0.01 0.02 0.33  

        
        

B. Direct Effects 
AC         
BLA   0.47    -0.51   
Ent  -0.43 0.29   -0.05   
Hipp    0.46     
ACg     -0.63    
Thal   -0.06   0.01   
MFr         
         
         

C. PSI (residuals) 
         
   1 0.55 0.77 0.74 0.99 0.57 0.89 
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Figure 6.3.  Graphical representation of the total effects for the AC in PESAL and 

PEMB. The VCA’s total influence is reduced in LI relative to acquisition and 

extinction. Abbreviations are defined in Figure 6.1. 
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DISCUSSION 

The results from the present study revealed neural mechanisms of LI facilitated 

with MB that involve sensory gating, limbic mediated attention processing, and inhibition 

of behavioral responding. Differences in sensory processing were observed in the 

means analysis, which revealed increases in metabolic capacity in auditory processing 

regions such as the lateral lemniscus nucleus and TE2 auditory cortex for the PEMB 

group. Stimulus preexposure and methylene blue administration resulted in an increase 

in CO activity, which may reflect the gating of sensory information due to differences in 

energy demand used for repolarization of individual neurons. Electrical repolarization of 

a neuron’s membrane has been shown to use the majority of ATP produced in the brain 

after postsynaptic excitatory potentials (Wong-Riley, 1989). In LI, repeated presentations 

of an auditory stimulus may increase CO activity of neurons through the high energy 

demand of electrical repolarization. 

Support for role of limbic-mediated processes in LI stems from changes in CO 

activity in the anterior cingulate cortex and other limbic regions. Stimulus preexposure 

and methylene blue administration resulted in decreased CO activity in the anterior 

cingulate. Similar findings have been reported in other learning paradigms, including 

Kamin’s blocking of conditioned responses (Jones & Gonzalez-Lima, 2001b). The 

anterior cingulate has been proposed to mediate attention to sensory stimuli during 

vigilance tasks (Pardo et al., 1990). The anterior cingulate is also part of the Papez 

circuit, which is involved in the cortical control of emotion (Papez, 1937; Maclean, 1952). 

Other regions that are part of the Papez circuit, such as the entorhinal cortex, 

hippocampus, dentate gyrus, and subiculum showed increases in CO with stimulus 
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preexposure, suggesting differences in limbic-processing as compared to the non-

preexposed groups. 

The means analysis also provided support for cortical inhibition of conditioned 

behavior with increased CO activity observed in the MFr for preexposed groups. 

Previous studies have reported similar findings with increased activity in the medial 

prefrontal cortex resulting in the inhibition of behavioral responses (Jones & Gonzalez-

Lima, 2001a; Nair et al., 2001a, 2001b; Barrett et al., 2003; Gonzalez-Lima & Bruchey, 

2004). It has also been shown that prefrontal cortex electrical stimulation reduces 

freezing behavior in rats trained on Pavlovian tone-footshock paradigm (Milad & Quirk, 

2002; Milad et al., 2004). The role of the MFr in inhibition of the behavioral response is 

further supported by the brain-behavior correlation. The correlation between MFr and 

freezing behavior was negative, suggesting that as CO activity increases in the MFr, 

there is a decrease in freezing behavior. 

The present results revealed set of regions involved with LI that differed from our 

previous metabolic map of LI (Puga, et al. 2007). The difference in these results may be 

due to new brains regions recruited with administration of MB in facilitated LI. Shared 

neural mechanisms between normal and facilitated LI were found for sensory gating, but 

recruitment of new regions with MB administration highlights the involvement of other 

neural processes not previously observed in normal LI. 

Functional interactions between brain regions also provided support for the 

involvement of multiple brain systems in LI. Interregional correlations revealed 

differences in functional coupling between auditory and hippocampal regions in the 

PEMB relative to NPMB (e.g. TE1-ENT and TE2-ENT). More, the decrease in functional 
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coupling between the ACg and LFr lends support to the function interaction of limbic and 

cortical regions in LI. A better understanding of these functional interactions is presented 

in our proposed model of LI. 

Our SEM model represents a parsimonious representation of the underlying 

neural networks involved with administration of MB in LI. Anatomical connections 

between regions are based on known pathways. For example, connections to the BLA 

and ENT from the auditory cortex have been verified using anterograde tracers 

(Romanski & LeDoux, 1993; Burwell & Amaral, 1998). Connections between the BLA, 

ENT, Hipp, and ACg are well known limbic connections and make up part of the Papez 

circuit (Papez, 1937). Finally, connections from the ACg and BLA to LFr have been also 

been verified with anterograde and retrograde tracers (Porrino et al., 1981). Despite the 

known connectivity of the proposed model of LI, every known pathway for a specific 

network cannot be included. Doing so increases the number of unknown variables or 

yields high collinearity between regions which ultimately makes the model unsolvable. 

Though anatomically correct, the current model leaves out bidirectional connections 

between regions and highly collinear regions (e.g. the anterior thalamic nucleus was 

excluded due to high collinearity with MD).  When constructing a model for SEM, one is 

required to compromise between anatomical accuracy, solvability, and interpretability.  

In the present model of LI, sensory gating is reflected by the functional 

connectivity between brain regions. Information about the auditory stimulus is sent from 

the AC to the ENT and BLA. With the attenuation of LI, the amount of sensory gating 

decreases, evident by strong influences from AC to Ent and BLA, but with MB 

administration the amount of sensory gating increases resembling functional connectivity 
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observed in intact LI. These results demonstrate the effect of MB administration on 

learning during sensory processing. 

From the ENT and BLA information regarding emotional saliency and contextual 

cues may be sent to the ACg. It has been proposed that stimulus preexposure in LI 

decreases emotional saliency and contextual specificity (Honey & Good, 1993; Darby et 

al., 1997). This is supported in the present model by reduced influences between the 

BLA and hippocampal regions with MB administration during preexposure in LI. 

Information regarding context cues and the emotional salience is then sent to the ACg, 

which filters attention to the auditory stimulus 

The final component of the present model of LI involves inhibition of behavioral 

responding from the prefrontal cortex. Attention value and emotional salience are 

respectively sent from the ACg and BLA to the LFr via the MD. With stimulus 

preexposure the influence from the ACg and BLA on the MD differed between 

attenuated and facilitated LI. More, the MD’s influence on the MFr differed between 

groups with MB administration resulting in larger path coefficient. This finding suggests 

the MD-MFr pathway is an important path in determining inhibition of behavior.  

Our proposed neural model of attenuated and facilitated LI stresses the 

importance of looking at LI through three main views of LI and its relation to 

schizophrenia. The first being the attention view, which is supported by behavioral 

studies demonstrating decreased attention with preexposure (Mackintosh & Mackintosh, 

1973; Lubow et al., 1976b; Schmajuk & Moore, 1988) and neural network models, such 

as the SLG model (Schmajuk et al., 1996; Schmajuk et al., 2001; Schmajuk & Larrauri, 

2006). The second view involves the inhibition of behavior supported by the behavioral 
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deficit proposed by the switching model (Weiner, 1990; Weiner & Feldon, 1997; Weiner, 

2003). Finally, the third view, involves the gating of sensory information supported my 

functional network modeling (Puga et al., 2007). The involvement of three of the 

proposed views of LI emphasizes that behavioral responses do not depend on a single 

brain system or region, but involves specific functional neural interactions (McIntosh & 

Gonzalez-Lima, 1994, 1995; McIntosh, 2001, 2004).  

The analysis of functional interactions between brain regions and systems 

provide insight to the neural mechanism involved in a learning paradigm. Moreover, such 

analysis can provide a better understanding of behavioral deficits associated with 

psychological and neurodegenerative disorders. For example, an attenuated LI 

paradigm has been used as a model for the behavioral deficits associated with 

schizophrenia (Feldon & Weiner, 1992). The results from the present study provide a 

neural network model of behavior deficits and therapeutic intervention of symptoms 

associated with schizophrenia. Since MB was successful at restoring LI when 

attenuated, it may have the same therapeutic effect on disrupted LI in schizophrenia. 

The brain regions that showed changes in CO activity and functional connectivity with 

attenuation and facilitation of LI may provide insight into some neural substrates 

underlying schizophrenia. Furthermore, MB’s facilitating effects lend support to the 

oxidative stress view of schizophrenia; however, more research is needed to fully 

understand the role of oxidative stress and MB in the etiology and treatment of 

schizophrenia.    
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 Chapter 7: General Discussion 

The present research describes the first metabolic map of latent inhibition (LI) 

using cytochrome oxidase (CO) histochemistry and presents the first functional neural 

network model of LI using structural equation modeling (SEM). In addition, this research 

also introduces the first application of MB to the LI paradigm. The results from the 

described studies support our central hypothesis that behavioral expression of LI is 

mediated by sensory processing. The observed differences in CO activity in auditory 

regions and decreased causal influence with limbic and cortical regions support the role 

of sensory gating in LI. Sensory gating has not been investigated in previous studies 

using lesion methods to identify the neural substrates underlying LI. This stresses the 

importance of non-invasive techniques, such as CO histochemistry, to identify brain 

regions involved in a learning paradigm, such as LI.  

ADVANTAGES OF CO HISTOCHEMISTRY 

CO activity is well-suited to quantify the endpoint modification of neuronal 

metabolic capacity in learning paradigms that involve several days of training.  Since CO 

reaches a more stabilized state of oxidative metabolism than measures that reflect on-

line responses to a stimulus such as fluorodeoxyglucose (FDG) uptake (Sakata et al., 

2005), the endpoint modification in the metabolic capacity of a neuron (CO data) is 

different from the time-varying metabolic activity of a neuron (e.g., FDG data). CO maps 

endpoint “potential” energy or metabolic capacity measured as levels of enzymatic 

induction vs. FDG that maps transient “kinetic” energy or metabolic consumption 
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measured as levels of glucose analog uptake. Therefore, quantitative CO histochemistry 

is suitable to map the spatial location of neurons with different endpoints of CO 

enzymatic induction produced by different forms of learning, as shown in this and 

previous studies (Poremba et al., 1997, 1998b).  

Gonzalez-Lima (Gonzalez-Lima, 1992) introduced the use of quantitative CO 

histochemistry for the study of learning functions. The objective of using CO 

histochemistry for learning studies is different from that of studies with other techniques 

such as FDG, blood flow or fMRI. For mapping learning functions, such as those 

involved with LI, the objective of a CO study is to visualize a long-lasting modification in 

brain metabolic capacity produced by a learning paradigm. Increases or decreases in 

CO activity revealed by quantitative histochemistry reflect underlying changes in the 

endogenous long-term metabolic capacity of the brain. Therefore, the objective of CO 

experiments is not to evaluate acute changes in functional activity over a period of 

seconds or minutes in response to a stimulus like in the case of FDG, blood flow or 

fMRI. The CO method is best suited for visualizing chronic modifications over hours or 

days linked to the history of oxidative energy demands on the brain regions involved in 

the entire training processes. This unique property captures changes in information at 

each step of the training processes. In the case of LI, CO activity would represent 

changes in metabolic capacity due to preexposure and acquisition training.  

CO histochemistry is a useful technique in that it is non-invasive and does not 

impair the functional connectivity between brain regions. As a result, regions not 

previously discussed as key regions were shown to play an important role in LI. For 

example, auditory regions were not proposed in previous studies as key regions in LI; 
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however the results in Chapters 2 and 3 revealed sensory gating effects through 

changes in CO activity and functional connectivity in auditory regions. Thus, the use of 

CO histochemistry enables one to identify regions involved with a learning paradigm that 

would not be observed with other invasive methods and allows one to describe 

functional connectivity in an intact brain. 

FUNCTIONAL NEURAL NETWORKS AND BEHAVIOR  

Single regions are important components of the network; however, behavioral 

responses depend on both regional brain activity as well as the interregional functional 

connectivity of the involved brain networks (McIntosh & Gonzalez-Lima, 1994, 1995; 

McIntosh, 2001, 2004). Examining functional interactions between different brain regions 

provides a more useful perspective into the neural mechanism underlying a specific 

behavioral outcome since one is able to observe changes in brain-behavior relationships 

at a systems level. Looking at a learning phenomenon from the perspective of a neural 

system helps identify unique functional neural networks between varying behavioral 

responses that share similar brain regions. For example, certain brain regions may serve 

as behavioral catalysts that enable a transition between behavioral states depending on 

the connectivity between brain regions or the neural context (McIntosh, 1999; McIntosh 

et al., 2003; McIntosh, 2004). 

The important role neural contexts and behavioral catalysts play in learning 

paradigms, such as LI is highlighted through SEM. In LI regions such as the nucleus 

accumbens and prefrontal cortex may act as behavioral catalysts facilitating the switch in 

behavioral responding (high freezing versus low freezing) depending on the neural 

context. For example, decreased functional interactions between auditory, limbic and 
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hippocampal regions may create a neural context unique to LI involving sensory system 

gating, limbic-mediated reduced attention, and prefrontal cortical inhibition of behavior. 

This unique neural context allows for the nucleus accumbens and medial prefrontal 

cortex to modulate the level of behavioral responding, which in this case of LI is a lower 

level of conditioned freezing behavior. 

BRAIN REGIONS AND SYSTEMS INVOLVED IN LATENT INHIBITION 

The results from the present research revealed that the neural mechanisms 

underlying LI are not found in any one specific brain system. Rather, the changes in 

brain metabolic capacity and functional connectivity due to LI are widespread in systems 

involving the auditory system (sensory processing and gating), the limbic system 

(attention and emotional expression of conditioned response), hippocampal and 

parahippocampal regions (modulation of contextual cues), and the frontal cortex 

(inhibition of the conditioned response).   

Sensory gating was supported through increased CO activity in auditory 

processing regions and decreased functional connectivity between auditory and limbic 

regions. These results are consisted with other studies that have shown similar changes 

in c-Fos expression in auditory regions during LI training (Sotty et al., 1996). The role of 

sensory gating is also highlighted by facilitation and attenuation of LI, which showed 

corresponding increases and decreases in the gating of auditory information. The 

metabolically modified pathways from auditory regions functionally interact with limbic 

systems for attention and frontal cortical systems for behavioral inhibition to produce the 

reduced behavioral conditioned response observed in LI. 
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The role of attention in LI was supported by changes in metabolic capacity in the 

anterior cingulate and prefrontal cortex, which are thought to be involved in attention 

processing (Posner, 1987; Posner et al., 1987; Mesulam, 1990). In a previous study, 

changes in FDG uptake were observed in the medial prefrontal cortex and anterior 

cingulate in a blocking paradigm (Jones & Gonzalez-Lima, 2001b). Since the blocking 

paradigm involves the presentation of  stimuli that decrease behavioral conditioned 

responding, the observed changes in FDG uptake in the medial prefrontal cortex and 

anterior cingulate during blocking suggests these regions are involved in attention 

modulation and more so, inhibition of the behavioral conditioned response. 

There is extensive literature on the inhibition of behavioral expression from 

prefrontal regions in Pavlovian extinction.  For example, changes in metabolic activity in 

the medial frontal cortex were observed with Pavlovian extinction (Barrett et al., 2003; 

Gonzalez-Lima & Bruchey, 2004) . The increase in CO metabolic activity in the frontal 

cortex is consistent with our previous studies in fear extinction using tones and 

footshocks similar to those in our LI procedure. This lends support to LI and extinction 

sharing similar neural mechanisms. The results from the present research are also 

consistent with other behavioral inhibition paradigms, which are similar to extinction 

paradigm and LI paradigms where a tone-evoked conditioned response is suppressed.  

The frontal cortex has been shown to be involved with blocking of tone 

conditioning (Jones & Gonzalez-Lima, 2001b) and the partial reinforcement extinction 

effect (Nair et al., 2001a, 2001b) with significant interactions found between the medial 

prefrontal, orbitofrontal, and anterior cingulate cortices. Additionally, positron emission 

tomography (PET) revealed progressively greater prefrontal activity to a tone CS- than 
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another tone CS+ in humans (McIntosh et al., 1999). The results from this PET study 

showed that greater inhibition of the response to the CS- resulted in increased blood 

flow to the prefrontal cortex. 

CLINICAL IMPLICATIONS 

The involvement of multiple brain systems in LI provide an interesting 

perspective on psychological disorders, such as schizophrenia, in which LI is disrupted. 

Much emphasis has been placed on brain regions associated with attention and the 

dopamine system; however, it may also be useful to investigate regions associated with 

sensory gating and cortical inhibition of behavior to gain a better understanding of 

disrupted learning processes in disorders such as schizophrenia. In fact several studies 

have reported sensory gating deficits in schizophrenia (Siegel et al., 1984; Adler et al., 

1985; Judd et al., 1992; Thoma et al., 2005; Brenner et al., 2009). If behavioral learning 

deficits in schizophrenia involve disrupted sensory gating, limbic-based attention, and 

frontal cortical-based inhibition of behavior, then interventions to help facilitate those 

processes in LI provides a useful therapeutic approach of disruptive learning. 

MB has previously been proposed as an adjunct treatment for symptoms 

associated with schizophrenia (Allexsaht, 1938; Deutsch et al., 1997), which is unique 

from other drugs prescribed for the disorder. There are two main classes of drugs used 

for treatment of schizophrenic symptoms; typical antipsychotics (haloperidol) and 

atypical antipsychotic medication (e.g. clozapine and risperidone). Although widely used 

in the treatment of schizophrenia, these drugs only seem to treat symptoms for a short 

period of time and result in serious side effects with prolonged use. For example, it has 

been reported that pharmacologic therapy results in persistent positive and negative 
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symptoms in patients compliant with their medication regimen (Garety et al., 2000; 

Lindenmayer, 2000). Frustration with the side-effects from antipsychotics or the 

ineffectiveness to treat schizophrenia-related systems creates an issue of compliance 

with patients discontinuing the use of medication. Issues of medication-resistance and 

compliance stress the need for studies investigating how pharmacological therapy with 

MB might contribute to management of schizophrenia-related symptoms, such as 

disrupted LI.  

MB selectively enhances energy production in brain regions with higher 

metabolic demand, such as those engaged in memory consolidation and retention after 

a given learning experience. Thus, MB does not induce any non-specific side effects 

(Gonzalez-Lima & Bruchey, 2004; Riha et al., 2005). Since MB has been previously 

been used as an adjuvant treatment for schizophrenia, its effectiveness in targeting brain 

systems that may be affected in schizophrenia may be evaluated with metabolic maps 

and functional neural network models of LI. Moreover, the role of adjunct methylene blue 

administration with Cognitive-Behavioral Therapy, the combination of behavioral and 

pharmacological intervention with MB, could improve its effectiveness in managing the 

symptoms associated with schizophrenia.  

Finally, the ability for MB to restore LI when the effect is attenuated offers support 

for the metabolic dysfunction view of schizophrenia. Neurotoxicity and oxidative stress 

have been proposed as the underlying cause of the symptoms observed in 

schizophrenia (Reddy & Yao, 1996; Wang et al., 2009; Zhang et al., 2009a; Zhang et al., 

2009b). If schizophrenia does involve metabolic dysfunction, then MB, as a metabolic 

enhancer, may be successful in the early treatment and perhaps prevention of the some 
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of the major symptoms associated with the disorder for at risk individuals. More research 

is necessary to better understand the effects of metabolic oxidative stress on the brain 

and the observed behavioral deficits in schizophrenia.  
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