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ABSTRACT 

 

THE EFFECTS OF CHRONIC ETHANOL SELF-ADMINISTRATION ON THE SEROTONIN 

SYSTEM IN MONKEYS 

Dissertation under the direction of David P Friedman, PhD 

Professor of Physiology & Pharmacology 

 

Serotonin plays an important role in mediating the effects of alcohol, but current 

serotonergic pharmacotherapies for alcoholism have had only modest success. Serotonin’s 

effects on drinking are mediated at least in part by modulating neuroplasticity in the 

hippocampal formation. The hippocampal formation plays a key role in excessive alcohol 

consumption through its involvement in the neurocircuitry responsible for the reinforcing 

effects of alcohol and its role in acquiring alcohol-related memories. The hippocampus is 

heavily innervated by serotonin-containing fibers and modulates reward and memory-related 

neuroadaptive processes via the serotonin transporter (SERT) and 5-HT1A receptor. 

Illuminating the mechanisms underlying the effects of chronic ethanol on the SERT and the 

5-HT1A receptor in the hippocampus may help to identify additional targets for the treatment 

of alcoholism.  

In Chapter Two we report reduced hippocampal SERT density following 18 months 

of ethanol self-administration by cynomolgus monkeys, with the most prominent effect in the 

dentate gyrus molecular layer. These data suggest that ethanol reduces serotonergic 

innervation of the hippocampal formation.  

In Chapter Three we report novel information about the distribution of 5-HT1A 

receptors along the rostrocaudal axis of the hippocampus and in specific fields and layers. 

Ethanol-induced an upregulation of 5-HT1A receptors with the most prominent effects in the 



 xvii 

posterior dentate gyrus polymorphic layer and the pyramidal cell layer and stratum radiatum 

of posterior CA1. The proportion of upregulated receptors that represent activated (g 

coupled) vs inactivated receptors varied by level, subregion and layer. These effects were 

not accounted for by similar changes in 5-HT1A mRNA expression, but may be attributable 

to increased receptor trafficking as suggested by increased Yif1B gene expression in 

posterior CA1. Increased 5-HT1A activity as a result of receptor upreguation may have 

pronounced effects on hippocampal signaling associated with drug related learning and 

memory. These data make a unique and important contribution to our understanding of the 

effects of chronic ethanol by using a well-characterized monkey drinking model, 

sophisticated molecular techniques, and a comprehensive anatomical analysis.
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CHAPTER ONE 

 

INTRODUCTION 
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Alcohol abuse and dependence are widespread disorders that constitute a significant public 

health concern.  A 12-month estimate of the prevalence of alcohol abuse in the United 

States from 2001 to 2002 found that almost 10 million Americans (4.65%) were affected.  

These rates are significantly increased from the previous decade which reported a rate of 

3.03% between 1991 and 1992 (Grant et al., 2004).  According to the Research Society on 

Alcoholism (2011), over 50% of adults have a family history of alcoholism or exhibit problem 

drinking and 30% have been afflicted with alcoholism or engaged in alcohol abuse at some 

time in their lives. Furthermore, the Global Burden of Disease Study reports that alcohol use 

is responsible for 1.5% of all deaths worldwide (Murray and Lopez, 1996) and it has been 

identified as the third leading preventable cause of death in the United States (Mokdad et 

al., 2004).  In addition to the cost on human health, alcohol use poses significant economic 

costs, which, in 1992 were estimated at $148 billion and have since increased to $184 billion 

in 1998 (Harwood, 2000).  Despite the clear need for treatment strategies aimed at reducing 

the significant human and financial costs of this disease, currently available 

pharmacotherapeutics have had only modest success at best. Some of the most promising 

treatments that have been developed or are currently in development target the opioidergic, 

glutametergic, GABAergic and serotonergic systems (Johnson, 2008).  
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Figure 1.1. Serotonin synthesis and metabolism. Tryptophan crosses the blood-
brain-barrier and is converted into 5-hydroxytrptophan by the enzyme tryptophan 
hydroxylase followed by decarboxylation to obtain the final product, 5-
hydroxytryptamine, or serotonin. Serotonin is metabolized into 5-hydroxyl indole acetic 
acid primarily by monoamine oxidase A.  

 

5-Hydroxytryptamine (5-HT), or serotonin, is a biogenic monoamine that acts as a 

modulatory neurotransmitter throughout the brain. It is synthesized from the amino acid 

tryptophan by tryptophan hydroxylase (TPH) and metabolized primarily by monoamine 

oxidase A (MAOA) (Figure 1.1; Azmitia, 2010; D’Souza and Craig, 2010). Despite its 

widespread action, the cell bodies of this system are localized to discrete clusters of cells 

termed the raphe nuclei that are organized along the brainstem midline (Hornung, 2010a). 

The raphe nuclei are divided into rostral and caudal groups with the rostral group containing 

the dorsal raphe nucleus (DRN) and median raphe nucleus (MRN), the two main sources of 

ascending serotonergic projections to the forebrain (Hornung, 2010a). In addition to the 

widespread distribution of serotonin in the forebrain, this neurotransmitter system exerts its 

effects through activation of a diverse receptor system, which includes at least 14 receptor 
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subtypes comprising seven families (5-HT1-7) that are found on virtually every cell type within 

the brain (Barnes and Sharp, 1999). Serotonergic activity is terminated at the synapse 

through reuptake via the serotonin transporter (SERT), which serves as the primary 

regulator of extracellular 5-HT concentration (Figure 1.2). 5-HT levels are also controlled in 

a more deliberate manner through activation of autoreceptors localized to 5-HT neurons that 

serve as a negative feedback system. The 5-HT1A receptor is the most well studied of the 

serotonin receptors. Within the raphe, 5-HT1A receptors are localized to serotonergic 

dendrites and cell bodies where, upon activation, they act to reduce 5-HT synthesis and 

release (Adell et al., 2002). In contrast, outside of the raphe, 5-HT1A acts as an inhibitory, g-

protein coupled heteroreceptor where its activation results in decreased cell firing (Pugliese 

et al., 1998; Figure 1.2). Because of their commanding control over extracellular 5-HT 

concentration, the SERT and the 5-HT1A receptor have been substrates of keen interest in 

the investigation of the role serotonin plays in reward processing and drug reinforcement.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Localization of SERTs and 5-HT1A receptors. SERTs (green) are 
localized to the soma, dendrites, axons (at varicosities) and terminals of serotonergic 
neurons where they act to remove serotonin (dark blue) from the extracellular space. 
5-HT1A receptors (light blue) are localized to the soma and dendrites of serotonergic 
neurons, where they act as autoreceptors, and to the dendrites and axon hillock of 
postsynaptic non-serotonergic neurons where they act as heteroreceptors.  
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1.1 Serotonin, reward and alcohol consumption 

The serotonin system is a promising target for drugs to treat alcohol dependence given that 

there is a substantial body of literature that shows it modulates reward and drug 

reinforcement. As such its influence on ethanol preference and consumption has been 

investigated extensively. Indeed, decades of preclinical research has reported a clear 

relationship between ethanol and serotonin with each affecting the other and much work 

suggesting that several components of this system may be effective drug targets. 

Unfortunately, subsequent clinical trials have reported conflicting results on the efficacy of 

serotonergic drugs to treat alcohol dependence outlining a clear need for additional research 

to better understand the effects of heavy drinking on this system.  

 

1.1.1 Serotonin is involved in reward processing and drug reinforcement 

An extensive body of literature implicates the serotonergic system in reward processing and 

the reinforcing effects of drugs of abuse including alcohol. Reward is mediated primarily 

through dopamine release via projections from the ventral tegmental area (VTA) to the 

nucleus accumbens (NAC), the core components of the mesolimbic dopamine pathway 

(Ikemoto, 2010). Ascending serotonergic fibers originating from the raphe nuclei project to 

both the VTA and NAC (Van Bockstaele et al., 1994) and form asymmetric contacts with 

NAC projecting, tyrosine hydroxylase (TH) positive neurons in the VTA (Hervé et al., 1987; 

Van Bockstaele and Pickel, 1993) suggesting a role for serotonin in modulating reward 

processing and drug reinforcement.  

 

Early studies reported that intracranial self-stimulation (ICSS) to the DRN and MRN was 

reinforcing, with rodents lever pressing for repeated self-stimulation at rates sometimes 

higher than those observed with stimulation to the VTA (Miliaressis et al., 1975). These 

effects were blocked with administration of para-chlorophenalanine (pCPA) in a time course 
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that matched the onset and offset of pCPA’s effects on serotonin depletion (Miliaressis, 

1977; Van Der Kooy et al., 1977). Similarly, depletion of serotonin using pCPA is associated 

with altered ICSS in brain regions outside of the raphe nuclei including the hippocampal 

formation, caudate-putamen, and lateral hypothalamus (Phillips et al., 1976; Van Der Kooy 

et al., 1977). Some evidence suggests that these effects may be mediated through inhibition 

of GABAergic input to 5-HT neurons within the raphe in a GABAA receptor dependent 

manner (Liu and Ikemoto, 2007).  

 

Additional, and still accumulating, evidence supports a significant genetic component of the 

serotonergic system in reward processing and drug reinforcement. Research has focused 

mainly on a 44 base pair insertion/deletion polymorphism in the promoter region of the 

serotonin transporter, the 5-HT transporter linked polymorphic region (5-HTTLPR), which, in 

the rarer short variant (S) confers reduced serotonin transporter (SERT) mRNA, density and 

activity compared to the long (L) form (Lesch et al., 1996). Variation in the 5-HTTLPR is 

associated with differential responses to social reward and punishment in rhesus macaques 

(Watson et al., 2009). Additionally, a recent meta-analysis suggests that carriers of the S 

allele are at greater risk for developing alcohol dependence compared with their L/L carrying 

counterparts (McHugh et al., 2010).  

 

Studies using knockout mice have also pointed to a genetic influence of other serotonergic 

endpoints on drug preference and intake. For example, compared to wild-types, 5-HT1B 

knockouts exhibit increased ethanol intake (Crabbe et al., 1996), 5-HT2A knockouts show 

decreased MDMA self-administration (Orejarena et al., 2011), and mice deficient in MAOA 

exhibit attenuated preference for nicotine in a conditioned place preference test (Agatsuma 

et al., 2006).  
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Some of the most convincing evidence to date for the involvement of 5-HT in reward 

processing comes from an elegant group of studies conducted by two separate groups from 

Japan. First, Nakamura et al., (2008) showed that DRN neurons in monkeys who performed 

saccade tasks accompanied by a predictable reward size fired in a reward dependent 

manner both before and after the delivery of the reward and to both large and small 

rewards. This is in contrast to dopaminergic neurons that responded only when the reward 

size was different than predicted. Additionally, DRN neuron firing during task onset was 

similar to firing observed during the task reward suggesting that these cells encode the 

potential for future rewards (Bromberg-Martin et al., 2010).  

 

At the same time, Miyazaki’s group reported data implicating 5-HT in the time scale of 

reward expectation supporting earlier work suggesting that at least some neurons in the 

DRN fire to coincide with a reward’s temporal properties (Ranade and Mainen, 2009). In 

vivo microdialysis measurements of both dopamine and serotonin taken in the DRN during 

immediate, intermittent and delayed reward tasks indicated that while dopamine release was 

greatest following immediate and delayed rewards and correlated with reward acquisition, 

serotonin release was highest during delayed rewards and lowest when rewards were 

omitted during intermittent trials (Miyazaki et al., 2010). Similarly, in vivo single unit 

recordings in the DRN showed that 5-HT neuron activation predicted waiting for a reward 

and was not an indicator of negative reward prediction error as previously suggested by the 

dopamine opponent theory (Miyazaki et al., 2011).  

 

1.1.2 Acute ethanol increases while chronic ethanol decreases 5-HT 

Serotonin’s involvement in reward and drug reinforcement has prompted an abundance of 

interest in investigating the role of this system in alcohol use and misuse using both humans 

and animal models. However, despite over 50 years of studies, the relationship between 
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ethanol and serotonin remains unclear. Paasonen & Giarman (1958) were the first to report 

an effect of ethanol on serotonin, observing a nonsignificant increase in brain 5-HT in rats 

exposed to 15% ethanol in their drinking water. Throughout the late 1950s and most of the 

1960s a series of subsequent studies reported findings that both contradicted and supported 

Paasonen & Giarman’s original work (Gursey et al., 1959; Rosenfeld, 1960; Olson et al., 

1960; Efron and Gessa, 1961; Haggendal and Lindqvist, 1961; Perman, 1961; Pscheidt et 

al., 1961; Bonnycastle et al., 1962; Murphy et al., 1962; Siegel et al., 1964; Feldstein et al., 

1964, 1967; Anton, 1965; Duritz and Truitt, 1966; Ashcroft et al., 1966; Walsh et al., 1966; 

Davis et al., 1967) provoking what would become a long history of disputes about the 

interaction between ethanol and the serotonin system.   

 

Acutely, ethanol appears to increase extracellular serotonin levels. Our understanding of 

these effects relies mainly on work using animal models due to a relative paucity of human 

data. Several studies have reported an increase in brain 5-HT levels significantly above 

baseline following intraperitoneal (i.p.) administration of a single dose of ethanol in rats 

(Bonnycastle et al., 1962; Palaić et al., 1971; Pohorecky et al., 1974; Blagova et al., 1982). 

Increased levels of whole brain 5-hydroxyindoleacetic acid (5-HIAA), the major metabolite of 

serotonin, have also been reported in rats following i.p. ethanol (Badawy and Evans, 1976; 

Pohorecky et al., 1978). Others, however, have reported a decrease in brain 5-HT and/or 5-

HIAA in rabbits (Gursey et al., 1959; Gursey and Olson, 1960) and mice (Griffiths et al., 

1974) or no change at all (Haggendal and Lindqvist, 1961; Pscheidt et al., 1961; Frankel et 

al., 1974) in various species. Importantly, Yamanaka and Kono (1974) observed greater 

brain 5-HT activity, as measured by turnover of 5-HT to 5-HIAA, following 5 g/kg i.p. ethanol 

in mice. In addition, brain region specific analyses have also supported an acute, ethanol-

induced increase in serotonin. 5-HT and/or 5-HIAA levels were greater following acute 

ethanol in striatum, nucleus accumbens and hippocampus (Hunt and Majchrowicz, 1983; 
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Yoshimoto et al., 1992; Daws et al., 2006).  In addition, Bare et al. (1998) report a significant 

increase in extracellular 5-HT levels in the hippocampus following i.p. ethanol using in vivo 

microdialysis. Electrophysiological studies also report greater excitation of DRN neurons 

following low dose ethanol (Chu and Keenan, 1987; Verbanck et al., 1990), although these 

studies and one other suggest that ethanol’s effects may be biphasic (Badawy and Evans, 

1976).  

 

Although the evidence is less clear, in contrast to acute ethanol, chronic ethanol appears to 

decrease brain serotonin levels. Several studies in abstinent alcoholics have reported lower 

blood platelet 5-HT levels compared to controls (Rolf et al., 1978; Bailly et al., 1990). 

Similarly, 5-HIAA levels taken from the cerebrospinal fluid (CSF) of abstinent alcoholics 

were lower than in non-alcoholic individuals (Banki, 1981; Borg et al., 1985). Postmortem 

studies have also reported lower 5-HT and 5-HIAA content in the hippocampus, caudate 

and the hypothalamus of alcoholics (Carlsson et al., 1980). Work by Halliday et al. (1993) 

suggested that the lower 5-HT and 5-HIAA levels observed may be due to a degeneration of 

midbrain serotonergic neurons observed in chronic alcoholics, however, later reports 

contradict these findings (Baker et al., 1996; Underwood et al., 2007). Results from these 

studies can be difficult to interpret due to small sample sizes, polydrug use, comorbid 

psychiatric diagnosis, and heterogeneous alcohol use histories. In addition, all but the 

postmortem study examined serotonergic markers during abstinence so it is unclear if these 

effects are due to chronic alcohol drinking or a neuroadaptation following cessation of 

drinking. Nevertheless, the human literature is supported by additional reports using animal 

models. For example, five days of intravenous (i.v.) ethanol administration produced a 

decrease in brainstem 5-HT in rats and rabbits (Pscheidt et al., 1961) and up to 27 days of 

ethanol exposure through liquid diet produced a decrease in both 5-HT and 5-HIAA levels in 

the brain (Frankel et al., 1974; Branchey et al., 1981). Additionally, Palaic et al., (1971) 
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reported decreases in brain 5-HIAA following up to 10 days of daily i.p. ethanol 

administration. Likewise, both Ledig et al. (1982) and Branchey et al. (1981) report lower 

plasma tryptophan levels following chronic exposure to ethanol via liquid diet. These 

findings are supported by work reporting tolerance to ethanol-induced increases in 

hippocampal 5-HT measured using microdialysis (Bare et al., 1998). Conversely, others 

have reported that ethanol exposure of up to 42 days via vapor chamber or liquid diet 

produces no change (Pohorecky et al., 1978; Blagova et al., 1982) or even an increase 

(Griffiths et al., 1974; Pohorecky et al., 1978) in brain 5-HT or 5-HIAA. However, when 

examining 5-HT turnover as opposed to a single measurement of 5-HT or 5-HIAA levels, 

Yamanaka and Kono (1974) observed lower 5-HT activity in brains of mice following 10 

days of liquid ethanol diet. Inconsistencies in the literature may be due, in part, to brain 

region specific alterations in 5-HT/5-HIAA content. Supporting this view, Wu et al., (1986) 

reported a decrease in hippocampal 5-HT but no change in the hypothalamus following six 

days of experimenter administered ethanol in rats. Similarly, rats exposed to an ethanol 

liquid diet for 28 days exhibited a decrease in 5-HIAA in the striatum but no change in the 

brain stem or hippocampus (Morinan, 1987).  

 

Using measures of 5-HT and 5-HIAA levels has limitations. First, peripheral measures of 5-

HT and 5-HIAA may not always be an accurate indication of central 5-HT activity (Aizenstein 

and Korf, 1979) and some studies have suggested that CSF 5-HIAA measurements may not 

be an accurate indication of brain 5-HIAA levels either (Garelis and Sourkes, 1973; 

Commissiong, 1985). Within the central nervous system, low 5-HIAA levels could be 

indicative of ethanol-induced reductions in 5-HT metabolism and not necessarily reflective of 

low 5-HT, as some data have suggested (Feldstein et al., 1964; Davis et al., 1967) although 

these findings may be specific to the periphery and not reflective of ethanol’s effects on 

brain serotonin (Tyce et al., 1968). Furthermore, lower 5-HT may actually be indicative of 
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greater 5-HT activity if it is coupled with higher 5-HIAA levels (i.e., greater turnover). 

Likewise, some evidence suggests that higher 5-HIAA levels may not be indicative of 

greater 5-HT but instead ethanol-induced inhibition of 5-HIAA clearance (Tabakoff et al., 

1975).  

 

In addition to the metabolic considerations described above, several other variables likely 

contribute to some of the equivocal results reported including species and strain differences, 

differences in route and method of ethanol exposure, length of ethanol exposure and the 

latency to take measurements following last ethanol exposure. Nevertheless, despite a 

sizeable number of contradictory reports, a review of ethanol’s effects on the serotonin 

system, while not conclusive, does suggest that acutely, ethanol increases brain 5-HT while 

chronic ethanol produces the opposite effect. 

 

1.1.3 Low 5-HT is associated with increased ethanol preference and intake 

With mounting evidence suggesting that alcohol drinking can induce changes in the 

serotonin system, it seems reasonable to suggest that alterations to this system may also 

produce changes in consumption. Moreover, this hypothesis leads to the logical conclusion 

that drugs targeting the serotonin system may be effective treatments for alcohol 

dependence. With this in mind, and following the discovery of various compounds that can 

alter the endogenous state of the serotonin system, researchers began to also examine the 

effects of direct manipulation of brain 5-HT levels on ethanol preference and intake. Using 

para-chlorophenylalanine (pCPA), Myers & Veale (1968) showed that decreased 5-HT was 

associated with a significant decrease in ethanol preference in rodents using a two bottle 

choice procedure. Similar studies followed, lending support to the hypothesis that low 5-HT 

is associated with high ethanol preference, increased consumption, and delayed tolerance 

(Frey et al., 1970; Frankel et al., 1975, 1978). Although, a series of additional reports 
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suggested that the effects of pCPA were nonspecific (Nachman et al., 1970; Holman et al., 

1975; Walters, 1977). Studies using the serotonergic neurotoxins, 5,6-dihydroxytryptamine 

(5,6-DHT) and 5,7-dihydroxytryptamine (5,7-DHT), however, have also reported greater 

ethanol preference and intake associated with decreased 5-HT (Richardson and 

Novakovski, 1978; Wang et al., 1996).  

 

The development of inbred strains of alcohol-preferring and –nonpreferring rodent lines 

offered another approach to the study of serotonin’s involvement in ethanol preference and 

intake. Ethanol naïve alcohol-preferring rats [Alko Alcohol (AA)] showed a nonsignificant 

trend for higher levels of brain 5-HT and 5-HIAA than naïve –nonpreferring rats [Alko Non-

Alcohol (ANA)]. Additionally, one month of ethanol self-administration produced a significant 

increase in brain 5-HT in AA but not ANA rats (Ahtee and Eriksson, 1973). In contrast, 

however, a different line of ethanol naïve alcohol-preferring (P) rats exhibited lower levels of 

both 5-HT and 5-HIAA in several brain regions including cortex, hippocampus, and striatum 

compared to their nonpreferring (NP) counterparts (Murphy et al., 1982). In support of the 

P/NP findings, a subsequent study using a line of high-alcohol drinking (HAD) rats reported 

a 10-20% reduction in 5-HT and 5-HIAA levels in the same brain regions compared to low-

alcohol drinking (LAD) rats (Gongwer et al., 1989). Subsequent studies also showed that 

ethanol naïve P rats exhibit a reduction in the number of 5-HT+ fibers in many of these 

same regions compared to NP rats, a finding consistent with previous reports of lower 5-HT 

and 5-HIAA levels in the same animals (Zhou et al., 1991, 1994). Furthermore, SERT 

knockout mice, which exhibit up to a nine-fold increase in extracellular 5-HT concentration 

compared to wild-types (Shen et al., 2004), exhibit hypersensitivity to the sedative (Daws et 

al., 2006) and motor-impairing (Boyce-Rustay et al., 2006) effects of ethanol and had lower 

ethanol intake than wild-type controls in a two-bottle choice procedure (Kelaï et al., 2003; 
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Boyce-Rustay et al., 2006). Despite some contradictory results, potentially due to 

differences in the stock populations from which each strain was bred, differences in basal 

serotonergic measures in alcohol preferring lines and genetic knockout strains suggest that 

low brain 5-HT concentration plays a role in the propensity for future ethanol consumption 

and that genes that influence serotonergic endpoints may put an individual at risk for future 

heavy drinking and dependence. In support of this, family history positive individuals, who 

are at greater risk for developing drinking problems (Schuckit and Smith, 1996), exhibit 

decreased CSF 5-HIAA levels compared to family history negative individuals (Rosenthal et 

al., 1980; Linnoila et al., 1989) suggesting that, in at least a subset of individuals, 

serotonergic perturbations may predate alcohol use.  

 

1.1.4 Drugs that increase 5-HT may be used to treat alcohol dependence 

Work employing drugs that increase extracellular 5-HT levels further strengthened the 

hypothesis that serotonin plays a role in the maintenance of alcohol drinking and that drugs 

that increase extracellular 5-HT may hold promise for the treatment of alcohol dependence. 

Indeed, rats treated with selective serotonin reuptake inhibitors (SSRIs), which effectively 

block serotonin reuptake via the SERT thereby increasing extracellular 5-HT, exhibit 

reduced ethanol preference and intake from baseline levels (Rockman et al., 1979, 1982; 

Daoust et al., 1984; Murphy et al., 1988; Haraguchi et al., 1990; Meert, 1993) and 

decreased reinstatement of alcohol seeking behavior (Lê et al., 2006). Promising results 

were also observed with measures of consumption and craving in humans (Naranjo et al., 

1984, 1987, 1990, 1992, 1994; Naranjo and Sellers, 1989; Gorelick and Paredes, 1992). 

Many of these studies, however, included individuals with only moderate drinking problems 

and had short-term treatment periods. In addition, several studies suggested that the effect 

of SSRI treatment on alcohol consumption was nonspecific, reporting that treatment also 
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decreased food and other fluid consumption in rodents (Gill et al., 1985, 1988; Gill and Amit, 

1987; Alvarado et al., 1990). Importantly, cessation of SSRI treatment has also been 

associated with a rebound to drinking at or above pre-treatment levels (Murphy et al., 1988). 

Results from double-blind, placebo-controlled clinical trials have not supported preclinical 

findings and instead, report that SSRI treatment is only as effective as placebo in reducing 

alcohol consumption and craving measures (Kranzler et al., 1995; Kabel and Petty, 1996). 

As disappointing as these findings were, clinicians have long recognized, however, 

substantial heterogeneity within the alcoholic population, identifying at least two major 

subtypes (Cloninger, 1987; Babor et al., 1992). Type I or A alcoholics are characterized by a 

late age of onset, psychosocial difficulties and low familial loading while Type II or B 

alcoholics are characterized by an early age of onset, impulsivity and anti-social traits, and a 

significant family history of alcohol abuse and dependence. Importantly, serotonergic 

deficiencies have been observed specifically in early onset alcoholics (Type B) and family 

history positive individuals at high risk for the development of alcohol use disorders 

(Rosenthal et al., 1980; Buydens-Branchey et al., 1989; Linnoila et al., 1989; Fils-Aime et 

al., 1996). In addition to the classic subtypes of alcoholism, dependence is also often 

associated with comorbid mood disorders including anxiety and depression, the pathology of 

which is thought to be due, at least in part, to altered serotonergic activity.  

 

Acknowledging the heterogeneity of the alcoholic population, researchers considered that 

Type B alcoholics with premorbid serotonergic deficiencies and alcoholics with comorbid 

depression may be more receptive to SSRI treatment. In fact, it appears that SSRIs may be 

more efficacious in Type A, not Type B, alcoholics (Pettinati et al., 2000) and that SSRI 

treatment may actually increase drinking and propensity for relapse in Type B individuals 

(Kranzler et al., 1996; Chick et al., 2004; Dundon et al., 2004). Furthermore, data from 

clinical trials using SSRIs to treat alcoholics with and without comorbid depression have 
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been inconclusive. Cornelius et al. (1997) reported greater efficacy of fluoxetine treatment in 

individuals with comorbid major depressive disorder while Pettinati et al. (2001) reported 

reduced drinking in alcohol dependent individuals without a lifetime history of depression 

compared to those with a positive history of depression. More recent work does not support 

any effect of comorbid depression on the efficacy of SSRI treatment for alcohol dependence 

(Kranzler et al., 2006). Of note is recent work theorizing that 5-HTTLPR genotype may play 

a role in treatment efficacy (Johnson, 2000).  In fact, alcoholics homozygous for the L 

variant appear to be more vulnerable to ethanol-induced serotonergic deficits than S carriers 

(Heinz et al., 2000; Javors et al., 2005; Johnson et al., 2008). In addition, work by Johnson 

et al. (2011) recently suggested that drugs targeting the serotonin system are more effective 

at reducing number of drinks per drinking day and number of days abstinent in L/L carriers 

than S/L or S/S carriers.  

 

The 5-HT1A receptor has also been a therapeutic target of interest due to its ability to 

decrease extracellular serotonin levels through activation at autoreceptors localized on the 

soma and dendrites of 5-HT raphe neurons (Adell et al., 2002). In addition, 5-HT1A receptors 

play a significant role in anxiety (Akimova et al., 2009), a role that is of particular importance 

given that anxiety disorders are highly comorbid with alcohol use disorders (Ross et al., 

1988; Schuckit and Hesselbrock, 1994; Marquenie et al., 2007; Hasin et al., 2007). Anxiety 

is augmented in actively drinking alcoholics (Brown et al., 1991) and is also heightened 

during withdrawal, a symptom that is thought to play a significant role in relapse (Heilig et 

al., 2010). There is some debate as to whether anxiety levels observed in alcoholics predate 

alcohol use at least some evidence suggests that this may be the case in a subset of 

alcoholics (Weiss and Rosenberg, 1985; Hesselbrock et al., 1985). Importantly, 

microinjection of 5-HT1A receptor agonists into the DRN has been shown to reduce forebrain 

5-HIAA and 5-HT levels and decrease anxiety-like behavior (Higgins et al., 1988, 1992). 
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Likewise, 5-HT1A knockout mice exhibited greater levels of anxiety-like behavior as 

measured using open-field, elevated zero maze, and novel object tests (Parks et al., 1998; 

Heisler et al., 1998). Importantly, mice deficient in raphe 5-HT1A autoreceptors, but with wild-

type levels of 5-HT1A heteroreceptors, exhibited wild-type levels of anxiety-like behavior 

suggesting a prominent role for 5-HT1A heteroreceptors in this behavior (Gross et al., 2002). 

Furthermore, treatment with buspirone, a 5-HT1A partial agonist, produced an anxiolytic 

effect in individuals with generalized anxiety disorder (Feighner, 1987; Cohn and Rickels, 

1989; Mokhber et al., 2010).  

 

Unfortunately, studies examining the efficacy of 5-HT1A targeted treatments have paralleled 

those of the SERT with very promising results reported in animal models and very little 

success in clinical trials. Various studies in both rodents and nonhuman primates report a 

decrease in ethanol preference and intake following 5-HT1A agonist treatment (Collins and 

Myers, 1987; Privette et al., 1988; Svensson et al., 1989; Kostowski and Dyr, 1992; Meert, 

1993; Wilson et al., 1998a). Two additional important findings resulted from this work. First, 

low dose treatment with buspirone and other 5-HT1A agonists was more effective at reducing 

ethanol intake than treatment with the same drugs at high doses (Collins and Myers, 1987; 

Meert, 1993). Interestingly, one of the four monkeys tested by Collins & Myers (1987) 

exhibited an increase in ethanol consumption following administration of a high dose of 

buspirone prior to the ethanol self-administration session. These effects are presumably due 

to greater affinity of 5-HT1A agonists to autoreceptors such that administration of a 5-HT1A 

agonist at low doses will selectively activate autoreceptors, but not heteroreceptors, 

functioning to decrease extracellular 5-HT while high doses of a 5-HT1A agonist activate both 

5-HT1A receptor populations producing effects on both serotonin and other neurotransmitter 

systems (Sprouse and Aghajanian, 1988). Second, animals with high ethanol preference 

and intake prior to treatment were more likely to respond positively to 5-HT1A agonist 
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administration (Svensson et al., 1989; Kostowski and Dyr, 1992; Hedlund and Wahlström, 

1996) lending additional support to the idea that alcohol consumption may be associated 

with premorbid serotonergic alterations that may make an individual more or less responsive 

to pharmacotherapeutics targeting the serotonin system. Still, only one of four clinical trials 

investigating the efficacy of buspirone to treat alcohol dependence reported a positive effect. 

Bruno (1989) observed reduced alcohol craving, anxiety and depression in individuals 

meeting DSM III criteria for alcohol abuse following eight weeks of daily buspirone 

treatment. In contrast, several subsequent studies did not detect an effect of buspirone on 

measures of alcohol consumption or days to relapse (Malec et al., 1996a; George et al., 

1999; Fawcett et al., 2000).  

 

The link between anxiety and alcohol use at both neurobiological and clinical levels led 

several researchers to hypothesize that drugs targeting the 5-HT1A receptor may be effective 

in treating select subtypes of alcoholics, namely those with comorbid anxiety. In support of 

this hypothesis, a randomized, double blind, placebo controlled trial reported reduced 

anxiety and alcohol craving in buspirone treated alcoholics with generalized anxiety disorder 

(Tollefson et al., 1992). Similarly, a second study reported that buspirone treatment was 

associated with greater study retention, a significant reduction in anxiety, and greater 

latency to relapse in anxious alcoholics (Kranzler et al., 1994). In contrast, a third clinical 

trial reported only anxiolytic effects of buspirone treatment with no significant effect on 

alcohol consumption measures (Malcolm et al., 1992). A meta-analysis of this work 

suggests that buspirone treatment acts primarily to improve mood with an overall lack of an 

effect on alcohol consumption (Malec et al., 1996b). It should be noted, however, that many 

of the positive drinking outcomes associated with buspirone treatment reported by Kranzler 

et al. (1994) were not uncovered until six months following the 12-week treatment period 

suggesting that studies reporting no effect of buspirone on alcohol consumption within a 
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shorter window of time may be overlooking positive clinical outcomes that aren’t apparent 

until later in recovery.  

 

1.1.5 Concluding statements regarding serotonin, reward and alcohol consumption 

In summary, a substantial body of data from both animal models and humans supports a 

prominent role for serotonin in reward and drug reinforcement. Furthermore, an interaction 

between ethanol and the serotonin system is clear. Firm conclusions are difficult to draw 

due to discrepancies within the literature, but the vast majority of existing data suggests the 

following:  

 

1. The serotonin system modulates reward-related behavior most notably through its 

role encoding the time scale of reward expectation.  

 

2. Serotonin is involved in regulating virtually every aspect of the progression to alcohol 

dependence including preference, intake, maintenance, craving and reinstatement.  

 

3. Acute ethanol increases extracellular serotonin concentration whereas chronic 

ethanol decreases extracellular serotonin concentration.  

 

4. Low extracellular serotonin is associated with greater ethanol preference and intake.  

 

5. Drugs that increase extracellular serotonin levels, including SSRIs and low doses of 

5-HT1A agonists, decrease ethanol preference and intake in various animal models. 

Similar studies in humans have reported only moderate success suggesting that, at 

best, 5-HT targeted treatments may be more effective in alcoholics with specific 

endophenotypes.  
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6. Alcoholic subtype, the presence of psychiatric comorbidities, and genotype likely play 

a role in preexisting serotonergic deficiencies, the response of the serotonin system 

to alcohol consumption and the efficacy of treatments targeting the serotonin system 

in decreasing craving and consumption.  

 

Alcohol researchers have spent decades trying to understand the role the serotonin system 

plays in alcohol consumption. Despite significant improvements in our understanding of this 

topic, the specific relationship remains unclear and the fact that SERT and 5-HT1A targeted 

treatments lack efficacy despite many positive preclinical reports is particularly frustrating. 

Clearly, additional research aimed at identifying the specific neurobiological consequences 

of excessive alcohol consumption on this highly complex system is needed. Furthermore, 

illuminating the mechanisms underlying the observed effects, particularly with regard to the 

SERT and the 5-HT1A receptor, may help to explain the current disparities between the 

preclinical and human data and aid in identifying more appropriate targets for the treatment 

of this disease. Data from nonhuman primates, which more accurately model human alcohol 

consumption, physiology, and brain organization, including forebrain serotonergic 

innervation and distribution of serotonin receptors, may be of particular significance given 

our current reliance mainly on rodent models to understand this question. 

 

1.2 The hippocampal formation’s involvement in reward and drug reinforcement 

The hippocampal formation plays a key role in both learning & memory and reward 

processing & drug reinforcement. Both behaviors are associated with changes to similar 

cellular and molecular pathways and drug-related memories are thought to play a prominent 

role in ongoing alcohol consumption. This has led researchers to examine the effects of 

chronic alcohol consumption on hippocampal structure and function in the hopes of better 
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understanding the alcohol-induced alterations that take place and identifying possible 

targets for the treatment of alcohol use disorders. Although it has often been thought of as a 

single functional entity, it is now clear that the hippocampal formation is in fact made up of a 

number of functionally discrete subregions.  

 

1.2.1 The hippocampal formation is made up of subregions and layers with distinct 

functional roles that together comprise a larger circuit  

From the pioneering anatomical studies of Camillo Golgi, Ramon y Cajal and Lorente de No, 

to the early proposals about the limbic system by James Papez, Walter Cannon and Philip 

Bard, to the formative studies of William Scoville and Brenda Milner on the now famous 

patient H.M., the hippocampal formation is arguably the most well studied region of the 

brain. This is due in part to its unusual appearance and unique cellular organization. The 

hippocampal formation is relatively large, made up of the entorhinal cortex, dentate gyrus, 

cornu ammonis (CA1-3 fields) and the presubiculum, parasubiculum and subiculum, the 

three of which together comprise the subicular complex. It occupies almost the entire 

rostrocaudal extent of the temporal lobe (Amaral and Witter, 1989). The region is best 

known for its role in learning and memory and its classical unidirectional trisynaptic circuit 

(Figure 1.3), whereby multisensory information from the entorhinal cortex projects onto 

granule cells of the dentate gyrus (1), which then project via the granule cell mossy fibers to 

synapse on pyramidal cells in CA3 (2), which finally project via the Schaffer collaterals onto 

CA1 pyramidal neurons (3) (Amaral and Witter, 1989). The projections from CA1 pyramidal 

neurons to the principle cells of the subiculum are not included in the classical description 

but, nevertheless, are a critical component since the subiculum serves as the main output of 

information in the circuit. The subiculum in turn projects primarily back to entorhinal cortex 

but also to a series of other cortical and subcortical regions (Amaral and Lavenex, 2007).  
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Figure 1.3. Hippocampal neuroanatomy. (A) The hippocampal formation is made up 
of several distinct subregions and layers. The dentate gyrus contains three layers: the 
molecular layer (mol), the granule cell layer (gcl), and the polymorphic layer (pol). The 
cornu ammonis 1-3 (CA1-3) fields are made up of four distinct layers: the stratum 
oriens (so), pyramidal cell layer (pcl), stratum radiatum (sr), and the stratum 
lacunosum moleculare (slm). CA3 contains an additional layer immediately superficial 
to the pyramidal cell layer called the stratum lucidem (sl), which is the site of mossy 
fiber terminations. The subiciulum (SUB) is the main output of the hippocampal 
formation projecting to the entorhinal cortex (EC) and various other cortical and 
subcortical structures. (B) Projections from layers II [of the perforant path (PP)] and III 
of the EC terminate on dentate gyrus granule cell dendrites of the molecular layer and 
CA1-3 pyramidal neurons within the slm respectively. Granule cell mossy fibers 
synapse on CA3 pyramidal neurons in the sl. Schaffer collaterals from CA3 pyramidal 
neurons terminate on CA1 neurons in the sr. CA1 pyramidal cells then project to 
subiciular neurons which serve as the major source of output back to the EC and 
elsewhere.  

 

The distinct neuroanatomy of the hippocampal formation and its functional connections have 

been well characterized and recently summarized by Amaral & Lavenex (2007; Figure 1.3). 

The dentate gyrus, the first step in the classical trisynaptic circuit, is comprised of three 

distinct layers. The granule cell layer is the principle cell layer of the region, containing 

densely packed granule cell bodies whose broad V shaped dendritic arborizations extend 

superficially into the relatively cell sparse molecular layer. Afferent fibers originating mainly 

from layer II of the entorhinal cortex project via the perforant path to the granule cell 

dendrites within this layer. This represents the primary input to the hippocampus. Granule 

cell axons, or mossy fibers, travel through the polymorphic layer of the dentate gyrus on 

their way to CA3. As they pass through the polymorphic layer, they give off collaterals that 

synapse on glutamatergic mossy cells and GABAergic interneurons residing within the layer. 

Mossy fibers ultimately terminate on apical dendrites of CA3 pyramidal neurons located in 

the stratum lucidum.  

 

With the exception of the stratum lucidum, which is specific to CA3 only, the CA regions all 

contain the same laminar organization. The pyramidal cell layer is the principle layer of the 

CA fields. Basal dendrites of CA pyramidal neurons project deep into the cell sparse stratum 
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oriens while apical dendrites project into the overlying molecular layer. The proximal portion 

of these dendrites elaborate in the deepest part of the molecular layer, the stratum radiatum, 

while the distal dendrites reach into the most superficial portion, the stratum lacunosum 

moleculare. Associational connections within CA3 and Schaffer collaterals can be found 

traversing the stratum oriens and the stratum radiatum layers. The stratum lacunosum 

moleculare, by contrast, contains terminations from afferent fibers originating in the 

entorhinal cortex. Layer II projects to CA3 and CA2 whereas layer III projects to CA1. Like 

the CA fields, the subiculum’s principle cell layer is referred to as the pyramidal cell layer, 

however, unlike CA1-3, the molecular layer immediately superficial to the pyramidal cell 

layer does not receive projections from CA3 and therefore does not have a stratum radiatum 

like CA1. Instead, this layer is innervated by CA1 projections and afferents from layers III 

and V of the entorhinal cortex. As the major output for the hippocampal formation, the 

subiculum sends reciprocal connections back to the entorhinal cortex as well as feed 

forward projections to a number of subcortical structures including the amygdala, 

hypothalamus, thalamus, prefrontal cortex and, of particular importance for reward 

processing, the nucleus accumbens.  

 

1.2.2 The hippocampal formation plays a role in learning & memory and emotional 

processing 

The precise function of this unique set of structures remains somewhat controversial even 

though research throughout the last century has uncovered clear roles for the hippocampal 

formation in memory, cognition (Squire, 1992) and emotional processing (Morris, 2007). For 

example, hippocampal lesions produce deficits in spatial memory as measured by Morris 

water maze performance (Sutherland and McDonald, 1990), contextual learning measured 

with a foot shock task (Kim and Fanselow, 1992), and declarative, or episodic memory, as 

measured by the odor-odor association (Alvarez, 2001) and delayed non-match-to-sample 
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(Clark et al., 2001) tasks. In addition, lesions to the hippocampal formation can also produce 

decreases in anxiety-like behavior as measured by elevated plus maze performance and a 

modified open field test (Kjelstrup et al., 2002) and impairments in stress related association 

learning (Bangasser and Shors, 2007). The discovery of a dense population of corticosteroid 

receptors within the hippocampus (McEwen et al., 1968) further supports the role of this 

brain region in stress and the regulation of emotion. Subsequent studies have reinforced the 

relationship reporting hippocampal damage and dysfunction as a result of elevated stress 

hormones (McEwen and Magarinos, 1997), loss of hippocampal neurons following 

adrenalectomy (Sapolsky et al., 1991; Conrad and Roy, 1993), and recovery of hippocampal 

damage/cell loss following treatment with antidepressants (Czeh et al., 2001; Vermetten et 

al., 2003). These seemingly opposing results are due to the bell-shaped function of 

hippocampal corticosteroid levels and subsequent receptor activity, which produces deficits 

at both abnormally low or high levels (Morris, 2007).  

 

1.2.3 The rostrocaudal axis of the hippocampal formation is made up of distinct subdivisions 

The hippocampal formation is traditionally thought of as a single functional entity along its 

entire length, but mounting evidence has now revealed that it can also be divided into 

functionally distinct components along its rostrocaudal axis. Hippocampal lesions suggested 

a role for the posterior hippocampus (referred to as dorsal or septal in rodents) in learning 

and memory and the anterior hippocampus (referred to as ventral or temporal in rodents) in 

emotional processing. For example, partial lesions to the dorsal hippocampus impaired 

Morris water maze performance unlike partial ventral lesions, which had no effect (Moser et 

al., 1993). Conversely, lesions to the ventral but not dorsal hippocampus reduced freezing 

behavior in a contextual fear learning task (Richmond et al., 1999) and anxiety-like behavior 

as measured using the elevated plus maze (Kjelstrup et al., 2002). More recent data 

indicates that rats with lesions to the dorsal hippocampus can still navigate through a Morris 
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water maze if given sufficient training, challenging the idea of a strict anterior/ventral-

posterior/dorsal division (de Hoz et al., 2003) suggesting that the functional differentiation is 

more gradient-like than compartmentalized. In vivo recordings from posterior hippocampal 

neurons in monkeys, which display greater activity during a spatial task than neurons in the 

anterior hippocampus (Colombo et al., 1998), lead to a similar conclusion. It is also worth 

noting that the designations of anterior/ventral and posterior/dorsal are largely arbitrary, 

often differing somewhat from one study to the next.  

 

Connections with other cortical and subcortical brain regions add support for a functional 

distinction along the hippocampal formation’s rostrocaudal axis. For example, the majority of 

hippocampal projections to the medial, lateral and orbital prefrontal cortices originate 

rostrally (Jay and Witter, 1991; Barbas and Blatt, 1995), although, some projections are 

found caudally (Barbas and Blatt, 1995). Similarly, projections from the subiculum to the, 

amygdala, bed nucleus of the stria terminalis, the nucleus accumbens and the rostral 

hypothalamus originate mostly from the anterior hippocampal formation, whereas the caudal 

subiculum is primarily responsible for efferent projections to the mammillary bodies, the 

perirhinal cortex, and the anterior thalamic nuclei, among other regions (Swanson and 

Cowan, 1977; Witter et al., 1990; Canteras and Swanson, 1992). This distinction in 

connectional targets is not, however, absolute because the caudal subiculum, does send 

some projections to some of the same regions that primarily receive efferents from the 

rostral subiculum (Witter et al., 1990) and efferents to the lateral septum exhibit more of a 

gradient-like pattern along the rostrocaudal axis than a clear anterior-posterior division 

(Risold and Swanson, 1996). This projection is of particular importance given recent 

evidence that hippocampal modulation of the VTA is mediated, at least in part, through its 

efferents to the lateral septum (Luo et al., 2011). The density of place cells (Jung et al., 

1994), dentate gyrus granule cells, CA3 pyramidal neurons (Amaral and Lavenex, 2007), 
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and projections from the entorhinal cortex (Dolorfo and Amaral, 1998) are all distributed in a 

gradient-like fashion as well.  

 

While much phenotypic data support the concept of functionally distinct anterior and 

posterior divisions of the hippocampal formation, recent genomic studies in mice suggest 

that the organization of this structure consists of multiple structurally, molecularly and 

functionally distinct domains along its rostrocaudal axis (Thompson et al., 2008; Dong et al., 

2009). These studies suggest that the hippocampal formation can be divided into at least 

three major subdivisions: clear dorsal and ventral components and a more poorly 

characterized, intermediate zone. Each of these divisions corresponds roughly to the 

functions of learning and memory, motivation and emotional processing, and the translation 

of spatial knowledge into motivation and action, respectively (Fanselow and Dong, 2010). 

What is not yet clear is how distinct these components are or whether there is overlap in 

connections and function, with the individual components potentially favoring particular 

activities.  

 

1.2.4 The hippocampal formation plays a role in reward processing and drug reinforcement 

The hippocampal formation serves as a major biological substrate mediating the reinforcing 

effects of drugs of abuse, including alcohol (Haber and Knutson, 2009; Belujon and Grace, 

2011). At the most basic level, lesion studies suggest that this structure is involved in 

motivational processes linked to appetitive stimuli. For example, hippocampal lesions 

produce changes in feeding patterns (Davidson and Jarrard, 1993), increased activity in 

environments associated with food (Davidson et al., 2010), and greater responding for food 

on a progressive ratio schedule (Schmelzeis and Mittleman, 1996). Furthermore, 

hippocampal lesions facilitate the acquisition of autoshaping responses for food (Ito et al., 

2005) and reduce extinction rates (Jarrard and Isaacson, 1965; Davidson et al., 2010) 
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suggesting this brain region may play a role in evaluating the incentive salience of rewarding 

stimuli.  

 

A clear case can be made for a role of the hippocampal formation in the reinforcing 

properties of drugs of abuse and drug seeking from findings reported in both animal and 

human studies. For example, lesions or chemical inactivation of the dorsal hippocampus 

prevents cocaine-induced conditioned place preference (CPP; Meyers et al., 2003, 2006) 

and positive subjective effects associated with cocaine use correlate with hippocampal 

activity as measured using fMRI (Breiter et al., 1997). Furthermore, chemical inactivation of 

the dorsal hippocampus eliminated context-induced reinstatement of cocaine seeking 

(Fuchs et al., 2005), whereas hippocampal stimulation prompted reinstatement of cocaine 

(Vorel et al., 2001) and amphetamine (Taepavarapruk and Phillips, 2003) self-

administration. Hippocampal lesions have also been reported to impair acquisition of i.v. 

cocaine self-administration (Caine et al., 2001). In addition, context-induced reinstatement of 

alcohol seeking was associated with increased c-Fos expression in the hippocampus 

(Dayas et al., 2007). Similarly, in vivo imaging studies report enhanced hippocampal activity 

in association with drug craving (Kilts et al., 2001; Daglish et al., 2003) and hippocampal 

activation following the presentation of alcohol related images in abstinent alcoholics 

(Hermann et al., 2006). These findings are not surprising considering the substantial 

projection from the subiculum to the nucleus accumbens observed in both rodents and 

primates (Swanson and Cowan, 1977; Swanson and Köhler, 1986; Witter et al., 1990; 

Canteras and Swanson, 1992; Groenewegen et al., 1996; Naber and Witter, 1998; 

Friedman et al., 2002). Studies have shown that subicular stimulation induces dopamine 

release in the nucleus accumbens via stimulation of VTA neurons (Legault and Wise, 1999; 

Legault et al., 2000). Importantly, recent work has reported that activation of indirect 

projections from the hippocampal formation to VTA via the lateral septum is critical for 
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reward-related dopamine neuron firing and that inhibition of this pathway abolishes context-

induced reinstatement of cocaine seeking (Luo et al., 2011). In addition, these authors 

report that this polysynaptic projection originates mainly from CA3 neurons and, surprisingly, 

only modest projections originate in the subiculum, the major output of the hippocampal 

formation.  

 

Hippocampus-dependent memory processing and drug use are also associated with 

changes to similar cellular and molecular pathways (Nestler, 2002).  For example, inhibition 

of hippocampal CaMKII, an integral component of the signaling cascade involved in learning 

and memory (Yamauchi, 2005), attenuates morphine tolerance and prevents morphine-

induced CPP (Fan et al., 1999). Similarly, reinstatement of morphine-induced CPP was 

associated with increased hippocampal NR2B subunit expression and intrahippocampal 

NR2B antagonist administration blocked this reinstatement (Ma et al., 2007). Repeated 

exposure to morphine is associated with changes in the expression and distribution of 

hippocampal AMPA receptor subunits, increased basal hippocampal activity, and impaired 

LTP (Xia et al., 2011). Similar effects have been observed following methamphetamine 

administration (Swant et al., 2010). In addition, chronic ethanol exposure is associated with 

enhanced hippocampal NMDA receptor function (Smothers et al., 1997) and reduced CA1 

post-tetanic potentiation and associated phosphorylation of MAPK (Roberto et al., 2003). 

Thus, the hippocampal formation plays a pivotal role in drug use at behavioral, 

neuroanatomical, and cellular and molecular levels.  

 

1.2.5 Chronic ethanol alters hippocampal structure and function 

Despite a clear role for the hippocampal formation in ongoing drug use, most research on 

the neurobiological consequences of chronic ethanol have focused on other brain regions 

within the reward neurocircuitry (e.g., VTA, NAC, PFC, amygdala). This is in spite of data 
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suggesting that the hippocampal formation is particularly vulnerable to chronic ethanol 

relative to other brain regions (Walker et al., 1981). An array of studies have reported 

various effects of acute ethanol on hippocampal structure and function as well as 

performance on memory-related tasks (see White et al., 2000 for review), but much less has 

been reported regarding the effects of chronic ethanol on these same measures. Existing 

reports focus mainly on structural changes associated with chronic ethanol.  

 

In humans, for example, in vivo imaging studies report that alcohol use disorders are 

associated with reduced whole hippocampal volume (Shear et al., 1994; Agartz et al., 1999; 

De Bellis et al., 2000), anterior hippocampal volume (Sullivan et al., 1995), and hippocampal 

gray matter density (Mechtcheriakov et al., 2007). Similarly, exposure to an ethanol liquid 

diet for up to 18 months is associated with a variety of structural and functional changes 

within the rodent hippocampal formation, including reduced cell layer thickness (Cadete-

Leite et al., 1988, 1989), pyramidal neuron and granule cell loss (Walker et al., 1980; 

Cadete-Leite et al., 1989; Bengochea and Gonzalo, 1990; Paula-Barbosa et al., 1993; 

Franke et al., 1997; Lukoyanov et al., 1999, 2000), decreased dendritic spine density (Riley 

and Walker, 1978; King et al., 1988; Lescaudron et al., 1989), reduced synapse density 

(Cadete-Leite et al., 1989), decreased dendritic arborization (McMullen et al., 1984), 

impaired performance on a variety of spatial memory tasks (Bond and Di Giusto, 1976; 

Walker and Hunter, 1978; Gál and Bárdos, 1994; Franke et al., 1997) and responding on a 

differential reinforcement of low response rate (DRL) schedule (Denoble and Begleiter, 

1979). In a particularly informative study, chronic ethanol was associated with a reduction in 

synapse number specifically between granule cell mossy fibers and CA3 pyramidal neurons 

(Brandão et al., 1996). This study also reported smaller mossy fiber terminal surface area 

implying altered cellular communication within the hippocampus’ unidirectional circuit. 

Additional studies reporting decreased dentate gyrus microtubule density (Lang et al., 1997) 



31 

and increased NMDA-mediated cell death (Smothers et al., 1997) suggest that chronic 

ethanol exposure results in changes to cellular mechanisms that likely contribute to the 

structural alterations summarized above. It should be noted, however, that several reports 

contradict the reported spatial memory deficits (Steigerwald and Miller, 1997; Lukoyanov et 

al., 2000) and reductions in pyramidal cell number and synapse density (Lee et al., 1981; 

Phillips and Cragg, 1983; Roy et al., 2002) associated with chronic ethanol exposure. 

Species/strain differences and differences in the length of ethanol exposure likely play a role 

in the discrepant findings.  

 

Human data reporting cellular changes similar to those found in rodent models is limited and 

contradictory. Only one study has reported similar reductions in hippocampal neuron 

number in alcoholics and, surprisingly, this was restricted to those under 45 years of age 

(Bengochea and Gonzalo, 1990). On the other hand, Korbo (1999) reported a significant 

decline in hippocampal glial cell number, due primarily to a reduction in astrocytes, but no 

reduction in neuron number in five alcoholic males compared to controls. Similarly, in a 

study of both actively drinking and abstinent alcoholics, Harding et al. (1997) reported no 

change in hippocampal neuron number in either alcoholic group but a reduction in 

hippocampal white matter volume specific to active drinkers. Numerous studies have, 

however, supported the work in rodent models suggesting that chronic ethanol is associated 

with hippocampally-mediated memory deficits (Riege, 1987; Weingartner et al., 1996; 

Sullivan et al., 2000; Heffernan et al., 2002; Rosenbloom et al., 2005; Schottenbauer et al., 

2007), although, contradictory results do exist (Smith and Fein, 2010).  

 

The effect of chronic ethanol on hippocampal neurotransmission has been much less 

investigated but existing studies report reduced hippocampal long-term potentiation (LTP; 

Durand and Carlen, 1984; Peris et al., 1997; Roberto et al., 2002; Sabeti and Gruol, 2008) 
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and long-term depression (LTD; Thinschmidt et al., 2003) compared to controls. Several 

others have, however, reported the opposite effect, with chronic ethanol inducing no change 

(Lee et al., 1981) or actually decreasing the threshold required to induce LTP (Fujii et al., 

2008). Again, duration of ethanol exposure likely plays a role as both studies reporting 

discrepant findings had much shorter ethanol exposure duration than the others. Additional 

electrophysiological data has also reported depressed neuronal inhibition in both dentate 

gyrus granule cells and CA1 pyramidal neurons following ethanol liquid diet for at least 20 

weeks (Durand and Carlen, 1984; Rogers and Hunter, 1992).  

 

Chronic ethanol is also associated with a number of dramatic changes in neurotransmitter 

systems within the hippocampal formation. For example, one week of ethanol exposure 

resulted in greater hippocampal NMDA receptor density in rats (Grant et al., 1990). A similar 

study also reported increased NMDA receptor density in the dentate gyrus and CA1 region 

of the hippocampal formation following 30 days of continuous i.g. infusion of ethanol, 

however, this study also reports no effect on NMDA receptors using two other chronic 

ethanol exposure paradigms reinforcing the possibility that methodological differences can 

contribute to contradictory findings (Rudolph et al., 1997).  

 

Additional studies have also examined the effects of chronic ethanol on NMDA receptor 

subunit expression as subunit differences can dramatically alter NMDA receptor function 

(Paoletti, 2011). For example, chronic ethanol exposure reportedly results in an upregulation 

of the NR1 (Trevisan et al., 1994; Snell et al., 1996; Kalluri et al., 1998), NR2A (Snell et al., 

1996; Kalluri et al., 1998), and NR2B (Kalluri et al., 1998) NMDA receptor subunits in the 

rodent hippocampal formation. Similar studies have reported an increase in various AMPA 

receptor subunits in rats (Brückner et al., 1997) as well as individuals with a history of 

alcohol abuse (Breese et al., 1995). Other human studies, again, are contradictory with one 
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reporting a decrease in [3H]glutamate binding to NMDA receptors in CA1 of alcoholics 

(Cummins et al., 1990) and another reporting greater [3H]glutamate binding in alcoholics 

than controls but decreased [3H]CPP binding, which has high specificity for the NMDA 

receptor (Michaelis et al., 1990). Ligand specificity, or lack there of, may contribute to the 

inconsistent findings.  

 

The effects of chronic ethanol on the GABA system within the hippocampal formation is 

another area of considerable interest. Lescaudron et al. (1986) reported a reduction in 

GABA positive neurons in the stratum radiatum of the ventral hippocampus following six 

months of ethanol consumption. Additional studies of prolonged ethanol exposure have 

reported an increase in the expression of the alpha 4 GABAA receptor subunit (Mahmoudi et 

al., 1997; Matthews et al., 1998) but a reduction in alpha 1 subunit expression (Charlton et 

al., 1997).  

 

Clearly, chronic ethanol has a number of complex and differential effects within the 

hippocampal formation. This notion is reinforced by recent microarray data indicating that 

chronic ethanol exposure differentially regulates numerous genes within the rodent 

hippocampal formation including those involved in cellular metabolism, oxidative stress, 

signal transduction, protein synthesis, synaptic function, and cytoskeletal morphology (Saito 

et al., 2002).  

 

Several important methodological aspects of these studies are worth noting. First, the need 

to examine the hippocampal formation in a neuroanatomically sophisticated manner is 

reinforced by findings from several studies that identified differential vulnerability along the 

rostrocaudal axis (Lescaudron et al., 1986, 1989) and between subregions (Franke et al., 

1997). Failure to account for this may contribute to false negatives and hinder the functional 
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interpretation of the data obtained. Second, the vast majority of the studies described above 

involved animals exposed to ethanol in a noncontingent manner and as such, it is unclear 

whether experiments using contingent self-administration paradigms would have similar 

effects. Indeed, several studies have reported differential effects of ethanol-induced 

hippocampal structural plasticity depending on route and frequency of administration 

(Lundqvist et al., 1994, 1995), although, neither of the routes of ethanol administration 

described in these studies were contingent so the question still remains unanswered. 

Finally, the effects of chronic ethanol on hippocampal cell structure and function reported 

above are limited in that they rely almost exclusively on rodent models with very little data 

from humans and nonhuman primates. Given that nonhuman primates meet the needs of 

preclinical models by allowing for the control of numerous potentially confounding variables 

present in human studies while also more closely modeling human alcohol consumption and 

brain organization, supporting data from monkeys would allow for more conclusive 

statements about the effects of chronic ethanol on hippocampal formation structure and 

function.  

 

1.2.6. Concluding statements regarding the hippocampal formation’s involvement in reward 

and drug reinforcement 

The hippocampal formation is arguably the most well studied region in the brain. The 

neuroanatomically and functionally distinct regions, layers and rostrocaudal divisions within 

this structure make clear the need to examine the hippocampal formation, not as a single 

functional entity, but instead by its broader functional zones and discrete structural 

subdivisions. Doing so will likely aid in forming a more clear understanding of the functional 

consequences of any differences observed. Interestingly, the hippocampal formation 

appears to be particularly vulnerable to the effects of chronic ethanol relative to other brain 

regions (Walker et al., 1981) inducing dramatic structural and molecular changes resulting in 
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significant deficits in cellular communication and behavior. Despite these findings, much of 

the existing research has focused on noncontingent ethanol exposure of varying duration in 

rodent models making clear the need for additional studies using animal models of chronic 

ethanol self-administration that more accurately reflect alcohol consumption patterns 

observed in humans.  

 

1.3 The role of hippocampal serotonin in heavy drinking and alcohol dependence 

The serotonin system is ideally situated to modulate drug reinforcement and does so within 

the hippocampal formation through a series of anatomically and morphologically distinct 

projections. This system is incredibly complex with at least 14 receptor subtypes found on 

every cell type within the brain in addition to the SERT, which plays a critical role in 

modulating extracellular serotonin concentration (Barnes and Sharp, 1999). Many of these 

receptors have been targeted in alcohol research but the SERT and the 5-HT1A receptor 

have been the substrates of greatest interest. The SERT is localized to serotonin neuron 

axons and terminals and as such may be a useful marker of serotonin fiber density in 

regions outside of the raphe nuclei, including the hippocampal formation. In the hippocampal 

formation, the 5-HT1A receptor is localized mainly to CA1 pyramidal neurons and dentate 

gyrus granule cells where it exerts inhibitory modulatory control over excitatory 

neurontransmission. Through this role the 5-HT1A receptor modulates the neuroadaptive 

processes required for learning and memory many of which are also likely involved in 

continued drug use.   

 

1.3.1. Serotonergic innervation of the hippocampal formation is anatomically and 

morphologically distinct 

The serotonin system is ideally situated to modulate drug reinforcement both directly 

through its projections to the VTA and nucleus accumbens and indirectly through its 
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projections to a variety of limbic structures, including the hippocampus, all of which make up 

an extensive neurocircuitry responsible for mediating reward processing (Molliver, 1987; 

Wilson and Molliver, 1991; Van Bockstaele et al., 1994; Hensler, 2006; Figure 1.4). There 

are two main types of ascending serotonergic projections originating in separate raphe 

nuclei, each with distinct morphological characteristics (Törk and Hornung, 1990; Hornung, 

2010b). Projections originating in the dorsal raphe nucleus (DRN) contain fine axons with 

small varicosities that typically do not form conventional synapses with postsynaptic 

neurons. In contrast, projections originating in the median raphe nucleus (MRN) contain 

coarse axons and large spherical varicosities that frequently form classical synapses and 

complex pericellular arrays around the soma and dendrites of postsynaptic neurons (Figure 

1.5). In addition to clear morphological distinctions, these two types of serotonergic neuron 

exhibit differential laminar distributions throughout the brain (Wilson and Molliver, 1991). 

Several studies also reported the existence of two different serotonin fiber types. Fine 

serotonergic projections originating in the DRN appear to be more vulnerable to neurotoxins 

including MDMA and PCA than large beaded projections from the MRN (Molliver et al., 

1990). This effect is thought to be mediated largely through action at the SERT since its 

blockade prevents the neurotoxic effects observed (Schmidt and Gibb, 1985). Based on 

these data, a recent study showed that the two serotonergic neuron types exhibit differential 

expression of the SERT with DRN neurons exhibiting a relative abundance of SERT while 

axons originating in the MRN are largely lacking SERTs (Brown and Molliver, 2000).  
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Figure 1.4. Reward neurocircuitry. Dopaminergic projections from the VTA to the 
nucleus accumbens make up the core of the mesolimbic dopamine pathway, which is 
responsible for reward and drug reinforcement. This circuit is modulated by a series of 
connections with various limbic regions including the hippocampal formation. In 
addition, the serotonin system can modulate reward processing both directly through 
its projections to the VTA and nucleus accumbens and indirectly through its 
projections to these same limbic structures including hippocampal formation. 
Abbreviations: 5-HT – 5-hydroxytryptamine; BNST – bed nucleus of the stria 
terminalis; SN – substantia nigra; VTA – ventral tegmental area.  

 

The hippocampal formation is one of the few regions within the brain that exhibits a co-

mingling of both fine, as well as large, beaded fibers within the same lamina. Both fiber 

types are particularly dense in the stratum lacunosum moleculare of CA1-3 and the 

molecular layer of the dentate gyrus. Although much less dense, serotonergic fibers are 

present in the stratum radiatum and pyramidal cell layers of CA1-3 where fine axons 

outweigh beaded ones. In contrast, beaded axons predominate in the dentate gyrus 

polymorphic layer (Wilson and Molliver, 1991). A rostrocaudal gradient of serotonergic 
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innervation to the hippocampal formation has also been described in rodents with efferents 

from the DRN projecting more frequently to the ventral hippocampus while those from the 

MRN typically project to the dorsal hippocampus (Gage and Thompson, 1980; Molliver, 

1987). This same type of analysis has not been performed, however, in primates and, as a 

result, should be interpreted with caution considering that rodents and primates are known 

to exhibit important differences with regard to the organization of the serotonin system 

(Azmitia and Gannon, 1986; Wilson and Molliver, 1991; Mamounas et al., 1991; Duncan et 

al., 1998; see section 1.4).  
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Figure 1.5. Two distinct types of serotonergic fibers. Morphology of serotonergic 
axons in parietal cortex of rats visualized by 5-HT immunocytochemistry (brightfield 
photomicrographs). Two morphologically distinct types of 5-HT axons are found: fine 
axons (top half) with minute varicosities (less than 1 um in diameter) that are barely 
larger than the intervaricose segments and beaded axons (bottom half) characterized 
by large, spherical varicosities (typically 2-3 um in diameter). Scale bar=10 um. 
Reproduced with permission from Mamounas et al. (1991).   
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1.3.2. Hippocampal SERT distribution and function  

Much of the research aimed at understanding the specific effects of chronic ethanol on the 

serotonin system has focused on the SERT and the 5-HT1A receptor since together they are 

the primary regulators of extracellular serotonin levels. The SERT is localized to 

serotonergic neurons throughout the brain with greatest density in the raphe nuclei and 

moderate density throughout the cortex. Within the hippocampal formation, SERTs are most 

dense in the stratum lacunosum moleculare of CA1-3 and the molecular layer of the dentate 

gyrus (Owashi et al., 2004; Varnas et al., 2004).  Similar to the findings regarding 

serotonergic innervation of the rodent hippocampal formation, hippocampal SERT 

distribution reportedly exhibits a rostrocaudal gradient with greater concentrations in the 

ventral compared to dorsal hippocampus (Dewar et al., 1991). Again, however, this same 

analysis has not been reported in primates and clear differences in hippocampal SERT 

distribution exist between species (Duncan et al., 1992; Owashi et al., 2004; see section 

1.4). On the subcellular level, it has been noted that SERTs are localized both to serotonin 

fiber synaptic varicosities as well as nonsynaptic regions suggesting they function to remove 

serotonin not just from synaptic terminals but also from the surrounding extracellular space 

(Figure 1.2; Zhou et al., 1998; Owashi et al., 2004). Based on their role in the removal of 

synaptic serotonin and their localization to serotonergic neurons, measurements of SERT 

outside of the raphe can help us understand the basal state of the serotonergic system and 

the localization and density of raphe projections within various cortical and subcortical 

regions 

 

1.3.3 The effect of chronic ethanol on hippocampal SERT remains unclear 

Surprisingly few studies have examined the effects of chronic ethanol on brain SERT 

despite a clear role in serotonergic modulation of drug reinforcement. Instead, the vast 

majority of alcohol-related research examining the SERT has focused on the role of the 
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serotonin transporter linked polymorphic region (5-HTTLPR) in the risk, incidence, symptom 

severity, and treatment of alcohol dependence. The literature is replete with contradictory 

findings with studies reporting greater incidence or symptom severity associated with the L 

variant (Bleich et al., 2007; Gokturk et al., 2008), the S variant (Mannelli et al., 2005; 

Marques et al., 2006; Covault et al., 2007), or no relationship at all (Rasmussen et al., 2009; 

Saiz et al., 2009; Drago et al., 2009). A recent meta-analysis reported a modest association 

between alcohol dependence and possession of at least one copy of the S allele (McHugh 

et al., 2010). This study also noted the potential for positive result publication bias, 

suggesting the absence of potentially instructive negative or nonsignificant results in the 

literature. More recent work has suggested that regardless of risk, 5-HTTLPR genotype may 

be important for treatment of dependence. Johnson et al. (2011) found that individuals 

homozygous for the L allele were more responsive to treatment with ondansetron, a 5-HT3 

receptor antagonist, than carriers of the S allele.  

 

In addition to conflicting genetic studies of ethanol and the SERT, in vivo imaging studies 

examining the effects of chronic ethanol on brain SERT have also reported equivocal 

findings. Several studies have reported lower SERT availability in various brain regions, 

most notably the brainstem, or raphe nuclei, of abstinent alcoholics than in controls (Heinz 

et al., 1998, 2000; Szabo et al., 2004; Ho et al., 2011). Others, however, have found no 

significant between group differences (Brown et al., 2007; Martinez et al., 2009). In contrast, 

greater raphe SERT availability was found using similar in vivo imaging methods in alcohol 

drinking rhesus macaques (Heinz et al., 2003). A series of postmortem analyses from the 

Tiihonen lab have also reported lower SERT levels in most brain regions of alcoholics 

including the caudate, amygdala, hypothalamus, and anterior cingulate cortex (Storvik et al., 

2006a, 2007, 2008), but not the nucleus accumbens (Storvik et al., 2006b). Studies 

measuring SERT mRNA, however, have reported greater gene expression in both rodents 
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that chronically self-administered ethanol (Oliva and Manzanares, 2007) and in lymphoblast 

cell lines developed from individuals with a lifetime history of alcohol dependence (Philibert 

et al., 2008).  

 

Little research has focused specifically on SERT within in the hippocampal formation but, 

not surprisingly, the few studies that have been conducted report contradictory findings. 

Gross-Isseroff and Biegon (1988) observed greater SERT density in the stratum radiatum 

and stratum lacunosum moleculare of CA1-3 as well as the dentate gyrus molecular layer in 

individuals with detectable blood ethanol concentrations at the time of death. In contrast, 

lower SERT was observed in hippocampal homogenates from heavy alcohol drinkers (Chen 

et al., 1991). In vivo reports have uncovered no significant differences in hippocampal SERT 

availability in abstinent alcoholics compared to controls (Brown et al., 2007; Martinez et al., 

2009).  

 

Work using rodent models is similarly conflicted. Rats exposed to an ethanol liquid diet for 

six weeks exhibited a reduction in SERT immunoreactivity in CA1 (Tagliaferro et al., 2002) 

whereas mice made dependent via nine days of ethanol vapor chamber exposure exhibit 

greater SERT immunoreactivity in CA1-CA3 (Shibasaki et al., 2010). Again, discrepancies 

within the literature are likely due to the standard limitations of both human and rodent 

studies: small sample sizes, polydrug use, psychiatric comorbidity and alcoholic subtype 

heterogeneity for human studies and species, strain and methodological differences in 

rodent work. Despite potential confounds, the results from many of these studies suggest 

that changes in brain SERT following chronic ethanol are likely brain region specific.  

 

1.3.4. Hippocampal 5-HT1A receptors are involved in the neuroadaptive processes that take 

place during learning, memory and drug use 
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The 5-HT1A receptor has been a substrate of interest in the alcohol research community for 

many years due to its function within the raphe nuclei as an autoreceptor serving as a 

negative feedback signal for serotonin release (Adell et al., 2002). Outside of the raphe, the 

5-HT1A receptor acts as a heteroreceptor exerting inhibitory modulation of non-serotonergic 

neurotransmission (Pugliese et al., 1998) leading some to propose the possibility of two 

distinct subtypes (Barnes and Sharp, 1999). Nevertheless, the 5-HT1A heteroreceptor is of 

just as much interest as its autoreceptor cousin given its abundance in various limbic 

structures and clear role in modulating neuroadaptive processes associated with learning, 

memory and drug abuse.  

 

Numerous studies have shown that the 5-HT1A receptor couples negatively to adenylyl 

cyclase (AC) inhibiting cAMP activity through its action on Gαi/o (De Vivo and Maayani, 1986; 

Bertin et al., 1992; Mulheron et al., 1994; Butkerait et al., 1995). One study, however, has 

suggested that 5-HT1A receptor second messenger activity is differentially mediated 

throughout the brain with 5-HT1A-induced inhibition of AC observed in rat hippocampal tissue 

but not in the raphe (Clarke et al., 1996). Subsequent studies in humans contradict these 

findings, however, suggesting the existence of possible species differences (Palego et al., 

1999, 2000). Nevertheless, it is clear that the 5-HT1A receptor modulates an impressive 

number of second messenger signaling cascades including phospholipase C (PLC), protein 

kinase A (PKA), protein kinase C (PKC), phosphoinositide 3-kinase (PI3K), nuclear factor-

κB (NF-κB), and mitogen-activated protein kinase (MAPK) resulting in a multitude of effects 

related to cellular metabolism, cell survival, and gene transcription (Raymond et al., 1999, 

2001; Figure 1.6).  
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Figure 1.6. A simplified summary of 5-HT1A receptor second messenger 
systems. 5-HT1A receptors are known to modulate a variety of signaling cascades that 
can affect a multitude of cellular processes including those related to gene 
transcription, cell proliferation, cellular metabolism and apoptosis. Abbreviations: AC – 
adenylyl cyclase; Akt – protein kinase B; cAMP – cyclic adenosine monophosphate; 
ERK 1/2 – extracellular signal-regulated kinase 1/2; IP3 – inositol triphosphate; JNK – 
c-Jun N-terminal kinase; MEK 1/2 – mitogen-activated protein kinase kinase; PI3K – 
phosphatidylinositol 3-kinase; PKA – protein kinase A; PLC – phospholipase C.  

 

Outside of the raphe, 5-HT1A heteroreceptors are found in various limbic structures with the 

greatest density by far found in the hippocampal formation (Stuart et al., 1986; Varnas et al., 

2004) where they are localized mainly to pyramidal neurons and dentate gyrus granule cells 

(Azmitia et al., 1996; Palchaudhuri and Flügge, 2005). In addition, some data suggests that 
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5-HT1A receptors are also present on astrocytes and interneurons in the hippocampal 

formation (Azmitia et al., 1996; Aznar et al., 2003) and prefrontal cortex (Cruz et al., 2004; 

Santana et al., 2004; de Almeida and Mengod, 2008) although much less so than in 

excitatory cell types. 5-HT1A receptors are thought to inhibit neurotransmission outside the 

raphe through their activation of g protein-coupled inwardly-rectifying potassium channels 

(GIRKs) and inhibition of calcium channels (Andrade et al., 1986; Koike et al., 1994; 

Oleskevich, 1995).  

 

5-HT1A receptors are implicated in some of the very same neuroadaptive processes that 

take place during learning, memory and drug use through their modulation of excitatory 

neurotransmission and activation of various signaling cascades within the hippocampal 

formation. Numerous studies have shown that 5-HT1A activation inhibits hippocampal long-

term potentiation (LTP) (Sakai and Tanaka, 1993; Mori et al., 2001; Kojima et al., 2003; 

Tachibana et al., 2004). This effect is thought to be mediated by 5-HT1A induced inhibition of 

CaMKII activity and subsequent alterations in AMPA receptor composition and function. 5-

HT1A receptor activation has been reported to reduce CaMKII activity in rat hippocampal 

pyramidal neurons (Moyano et al., 2004). Likewise, antagonism of the 5-HT1A receptor 

increases autophosphorylated levels of CaMKII followed by greater AMPA receptor subunit 

expression in hippocampal membranes (Schiapparelli et al., 2005). Increased AMPA 

receptor trafficking and membrane insertion is a chief component of NMDA-mediated LTP 

induction (Fink and Meyer, 2002), which plays a critical role in the synaptic plasticity 

required for memory formation (Lisman et al., 2012). Indeed, 5-HT1A antagonist-induced 

cellular and molecular changes are associated with increased learning in rodents 

(Schiapparelli et al., 2006). In agreement with 5-HT1A induced changes in synaptic plasticity, 

research has also shown 5-HT1A activity modulates structural plasticity within the 

hippocampus (Nishi et al., 1996; Wilson et al., 1998b; Faber and Haring, 1999). While the 
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cellular and molecular alterations associated with hippocampal 5-HT1A activity have not 

been explicitly confirmed in humans, recent work substantiates a relationship between 

hippocampal 5-HT1A activity and memory performance (Yasuno et al., 2003).  

 

1.3.5. The effect of chronic ethanol on hippocampal 5-HT1A receptors remains unclear 

Findings from human research largely suggest that chronic ethanol decreases 5-HT1A 

receptor expression. Lower 5-HT1A receptor density was observed in frontal and temporal 

corticies in individuals with positive blood alcohol concentration at time of death (Dillon et al., 

1991). This study also reported a trend for lower 5-HT1A in the hippocampal formation of the 

same alcohol positive individuals compared to controls. Similar postmortem studies have 

reported lower 5-HT1A receptor density in lateral and medial PFC (Underwood et al., 2004) 

and anterior cingulate cortex (Storvik et al., 2009) of alcoholics compared to controls. In 

contrast, however, no difference in 5-HT1A receptor availability was observed in various 

brain regions including the raphe nuclei, PFC, and hippocampal formation of abstinent 

alcoholics as measured using PET (Martinez et al., 2009) and increased 5-HT1A receptor 

mRNA was observed in dorsolateral PFC of alcohol dependent individuals (Thompson et al., 

2011).  

 

Several rodent studies support the majority of reports in humans further suggesting chronic 

ethanol decreases 5-HT1A receptor density. Intragastric (i.g.) administration of ethanol for 

five days produced a decrease in hippocampal 5-HT1A receptor density (Ulrichsen, 1991) 

and mRNA (Kinoshita et al., 2003). In contrast, however, Nevo et al. (1995) report an 

increase in 5-HT1A receptor density in the DRN but a decrease in the frontal cortex, 

entorhinal cortex and dentate gyrus of rats exposed to an ethanol liquid diet for 14 days. A 

recent study in rhesus macaques that voluntarily self-administered ethanol for more than 12 

months also reported an increase in 5-HT1A receptor mRNA and a potentiation of receptor 
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mediated reductions in excitatory postsynaptic currents (EPSCs) in the anterior insular 

cortex (Alexander et al., 2012). In addition, two studies have uncovered no significant effect 

of chronic ethanol on 5-HT1A receptor density in various brain regions including the cortex 

and hippocampal formation (Hunt and Dalton, 1981; Chen and Lawrence, 2000) further 

complicating the existing data set and reinforcing the possibility that the effects of chronic 

ethanol on 5-HT1A receptors is region specific.  

 

Like the SERT, more recent interest has focused on 5-HT1A receptor genotype and its 

relationship with alcohol use and misuse. Up to 50 single nucleotide polymorphisms (SNPs) 

have been identified on the gene that encodes the 5-HT1A receptor (Drago et al., 2008). The 

one that has been of greatest interest with respect to psychiatric disease including alcohol 

dependence is the C(-1019)G SNP which is prevalent in the human population (Wu and 

Comings, 1999) and found in the gene’s promoter region. Expression of the G(-1019) allele 

is associated with increased receptor expression due to the inability of several repressors to 

bind to the regulatory region of the gene (Lemonde et al., 2003; Parsey et al., 2006). Studies 

examining the relationship between the C(-1019)G polymorphism and alcohol dependence 

are still in their infancy with only two existing studies to date, and like the studies 

summarized above, they report contradictory findings. Lee et al. (2009) reported a greater 

incidence of the G(-1019) allele in an alcohol dependent population while Wrzosek et al. 

(2011) observed no relationship between 5-HT1A receptor genotype and alcohol 

dependence. Interestingly, however, the ability of several repressors to inhibit 5-HT1A gene 

transcription appears to be cell type specific with the repressor Deaf-1 inhibiting gene 

transcription at the C(-1019) allele but not the G(-1019) allele in serotonergic neurons while 

the same repressor enhanced promotor activity at the C(-1019) allele in nonserotonergic 

neurons (Czesak et al., 2006) suggesting that the relationship between genotype and 

receptor expression and function is likely more complex than first realized.  
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1.3.6. The mechanism(s) for ethanol-induced alterations in 5-HT1A receptor density have not 

been investigated 

Despite several studies reporting chronic ethanol-induced changes in 5-HT1A receptor 

density as described above, only one study has attempted to investigate the mechanism 

behind this change. Of course, the simplest explanation for any alterations observed is that 

these changes are secondary to a change in 5-HT1A receptor gene expression. With this in 

mind, Nevo et al. (1995) examined both receptor density and gene expression in rats 

following 14 days of an ethanol liquid diet and reported an increase in 5-HT1A receptor 

density in the DRN but a decrease in density in the hippocampal formation. These authors 

also observed concomitant changes in 5-HT1A receptor gene expression but the effect did 

not reach statistical significance. If, however, alterations in 5-HT1A receptor density are 

confined to specific cell populations, it is possible that corresponding changes in gene 

expression would go unnoticed during a regional analysis, as opposed to one that is cell 

type specific. Given that 5-HT1A receptors have been localized to interneurons and principle 

neurons, as well as astrocytes, this possibility is certainly reasonable.   

 

5-HT1A receptor gene expression is negatively regulated by glucocorticoids through its 

action on the negative glucocorticoid response element (nGRE) present in the promoter 

region of the 5-HT1A receptor gene (Meijer and de Kloet, 1994; López et al., 1998; Ou et al., 

2001). This effect is thought to be mediated by mineralocorticoid receptor and glucocorticoid 

receptor heterodimer activity at the nGRE (Ou et al., 2001). This is a particularly important 

consideration given that chronic ethanol is known to produce alterations in hypothalamic-

adrenal-pituitary (HPA) axis function. Indeed, basal cortisol levels are reportedly higher in 

intoxicated alcohol dependent individuals (Adinoff et al., 2003) but blunted in response to 

stress (Wand and Dobs, 1991). Importantly, lower plasma cortisol levels have been reported 
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following 12 months of chronic ethanol self-administration in the same nonhuman primate 

model used in the present studies (Helms et al., 2011). Recent work has shown that chronic 

ethanol results in a decreased GRE-DNA binding activity in the hippocampal formation of 

rats exposed to an ethanol liquid diet for 15 days and that this effect is associated with 

decreased levels of glucocorticoid receptors in the same brain region (Roy et al., 2002). 

Interestingly, glucocorticoids also appear to regulate SERT activity and density, though in a 

positive manner, as opposed to the negative regulation they exert over the 5-HT1A receptor 

(Glatz et al., 2003).  

 

Changes in receptor density can also result from a multitude of other mechanisms outside of 

changes in gene expression including receptor trafficking and desensitization or 

downregulation. Examination of these mechanisms with respect to the 5-HT1A receptor, 

however, has proven difficult due to a lack of knowledge regarding direct protein-5-HT1A 

receptor interactions. This gap in knowledge is largely due to methodological limitations as a 

result of nonspecific antibodies for this receptor. Nevertheless, recent work by Carrel et al. 

(2008) provides the only existing report for 5-HT1A receptor interacting proteins aside from 

the G proteins already known to couple directly to this receptor. In their study, the authors 

report on a protein, Yif1B, which is responsible for trafficking 5-HT1A receptors to the distal 

dendrites of hippocampal neurons through a direct interaction with the receptor. Although 

little else is currently known about Yif1B, it is certainly plausible that chronic ethanol-induced 

changes in 5-HT1A receptor density are mediated by alterations in Yif1B protein expression 

or activity and the resulting change in receptor trafficking that could occur. This present 

study is the first to consider this possibility.  

 

1.3.7. Concluding statements regarding the role of hippocampal serotonin in heavy drinking 

and alcohol dependence 
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The effect of chronic ethanol on hippocampal SERT and 5-HT1A receptors remains unclear 

despite a considerable amount of research on this topic. There are likely many causes for 

the contradictory findings reported above but perhaps most notable is the reliance on rodent 

data despite considerable differences in the length and method of ethanol exposure, 

organization of the hippocampal neurocircuitry, serotonergic innervation of the hippocampal 

formation, and the distribution of serotonin receptors compared to primates (see section 

1.4). In addition, there is a relative lack of studies investigating the mechanism(s) by which 

chronic ethanol-induced changes in SERT and 5-HT1A receptor density may occur.  

 

The effect of chronic ethanol on hippocampal SERT and the 5-HT1A receptor is likely to have 

significant consequences with respect to the cellular and molecular signaling involved in 

synaptic and structural plasticity. 5-HT1A receptor modulation of these processes would 

result in subsequent alterations in hippocampally mediated behaviors like learning, memory, 

emotional regulation and reward processing. A better understanding of ethanol’s specific 

effects on these systems will aid in our understanding of the changes chronic ethanol 

consumption induces within the hippocampal formation, how those changes may impact 

future ethanol consumption, and possibly aid in identifying more adequate targets for the 

treatment of this disease.  

 

1.4 The need for a nonhuman primate model  

Animals are useful for substance abuse research because they readily self-administer most 

drugs of abuse and because of the ability to control for the variables that frequently 

confound human research. Rodent models are common, and have contributed greatly to our 

understanding of the genetic and molecular mechanisms involved in alcohol addiction, but 

they are not always the most favorable model. Nonhuman primates more closely model 

human physiology, brain structure and alcohol drinking patterns than rodents. Studies 
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examining the differences between rodent and primate brain have frequently uncovered 

dissimilarities that may have significant consequences with respect to brain function and 

behavioral output. The alcohol research community has largely overlooked many of the 

significant differences in hippocampal and serotonergic organization between rodents and 

humans. It is possible that these differences contribute to many of the discrepancies 

reported in the literature. Examining the neurobiological correlates of heavy alcohol 

consumption using a nonhuman primate model can help clear up the pervading 

contradictions and improve our understanding of this disease. 

 

1.4.1 The organization of the nonhuman primate hippocampal formation more closely 

resembles the human hippocampal formation than the rodent hippocampal formation does 

 The most notable neurobiological difference between rodents and primates is the 

complexity of the cerebral cortex. Nonhuman primate cortex contains granular, agranular 

and dysgranular prefrontal cortical fields that are not present in the rodent but are found in 

humans (Ongür and Price, 2000). This increased complexity is associated with more robust 

cortical connectivity leading to greater integration and processing of multisensory 

information to other cortical and subcortical regions (Amaral and Lavenex, 2007). While the 

same general fields and functions are present in the rodent and primate hippocampal 

formation, there are important differences that illustrate how the monkey more closely 

resembles humans. The entorhinal cortex provides major hippocampal input from 

association cortices, thus serving as the gateway of information flow to the hippocampal 

formation. This region is much more clearly laminated and differentiated in monkeys and 

humans than in rodents and therefore provides stronger connections with association areas 

(Amaral and Lavenex, 2007). Several cytoarchitectonic differences are also noted between 

rodent and primate hippocampal formation. The CA1 field is substantially larger in primates 

than in rodents with the pyramidal cell layer increasing in thickness from 5 cells in rodents to 
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15 cells with some lamination in monkeys to become even thicker and more laminated in 

humans (Amaral and Lavenex, 2007). In addition, some dentate gyrus granule cells in 

monkeys and humans contain basal dendrites that are not apparent in rodents (Seress and 

Mrzljak, 1987, 1992). In addition, several important differences exist within the polymorphic 

layer of the dentate gyrus. In primates this layer is much smaller than in rodents with much 

of the cellular layer contained between the blades of the dentate gyrus comprising the CA3 

region instead. The entorhinal cortex also projects into the dentate gyrus polymorphic layer 

in primates but does not in rodents and, mossy cells, the glutametergic cells contained 

within the polymorphic layer, project to CA3 in primates while the only dentate gyrus 

projection to CA3 in rodents is the mossy fibers. In addition, there are a substantial number 

of commissural connections from the dentate gyrus polymorphic layer to the contralateral 

molecular layer in rodents that are lacking in primates. A similar absence of commissural 

connections is also evident from CA3 to CA3 except for a very small number limited to the 

most anterior portion of the dentate gyrus in primates (Amaral et al., 1984; Amaral and 

Lavenex, 2007). These differences likely translate into functional alterations within the 

hippocampal neuroocircuitry making the nonhuman primate a more accurate model of 

human hippocampal function and pathology than rodents.  

 

1.4.2 Differences between the rodent and human serotonin system may play a role in the 

current contradictory reports of ethanol on this system 

The serotonin system is largely conserved evolutionarily but there are significant differences 

that suggest complexity in primates that is absent in rodents. Primate raphe nuclei are more 

lateralized than the rodent raphe (Azmitia and Gannon, 1986). While all of the serotonergic 

fiber bundles observed in the rat are present in the primate, the main ascending bundle in 

primates appears to be the dorsal raphe-cortical tract, rather than the medial forebrain 

bundle which predominates in rats (Azmitia and Gannon, 1986). Furthermore, while the 
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pattern of serotonin fiber distribution is similar in the dentate gyrus between species, the 

distribution in the CA regions of the hippocampal formation is less dense in primates than in 

rats (Azmitia and Gannon, 1986; Owashi et al., 2004). Significant differences in SERT and 

5-HT1A receptor distribution have also been noted between the rodent and primate. For 

example, humans exhibit a high density of SERTs in the CA1-3 stratum lacunosum 

moleculare that are not present in the rodent (Duncan et al., 1992). This same binding 

pattern is, however, present in the monkey (Owashi et al., 2004; Varnas et al., 2004). In 

addition, the distribution of 5-HT1A receptors throughout the brain, including the hippocampal 

formation, differs between rodents and primates (Duncan et al., 1998). The greatest density 

of 5-HT1A receptors within the prefrontal cortex is localized to superficial layers in the human 

while in the rodent 5-HT1A receptors are found mainly in deep cortical layers. Similarly, the 

CA1 pyramidal cell layer exhibits the greatest abundance of 5-HT1A receptors within the 

hippocampal formation of humans but in rodents 5-HT1A receptor density is much greater in 

the molecular layer of the dentate gyrus than CA1. Humans also exhibit equal 5-HT1A 

receptor density between the DRN and MRN while the rodent MRN contains significantly 

fewer 5-HT1A receptors than the DRN in this species. Importantly, these differences in 5-

HT1A receptor distribution are not observed between monkey and human (Köhler et al., 

1986; de Almeida and Mengod, 2008).  

 

1.4.3 Nonhuman primates accurately model heavy alcohol consumption in humans 

In addition to differences in brain organization, primates differ from rodent models in their 

ability to accurately model human alcohol consumption. Ethanol metabolism is similar in 

monkeys and man (Green et al., 1999). Nonhuman primates will also voluntarily consume 

large quantities of ethanol (see Grant and Bennett, 2003 for review) in patterns similar to 

heavy drinking humans (Grant et al., 2008) obtaining blood ethanol concentrations 

comparable to those acquired by abusing and dependent humans (Mello and Mendelson, 
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1970; Vivian et al., 2001; Grant et al., 2008). In contrast, mice and rats exhibit a natural 

aversion to ethanol (Goldin, 1994). In addition, although they are used virtually 

interchangeably by researchers, rats and mice metabolize ethanol differently from each 

other (Livy et al., 2003) and three to four times more quickly than humans (Videla et al., 

1975). Furthermore, many of the noncontingent methods for ethanol administration 

described in the results summarized above result in different rates of both ethanol 

absorption and metabolism, and as a result, blood ethanol concentration, compared to oral 

consumption, the typical route of administration for humans (Livy et al., 2003). This is an 

important issue considering the influence blood ethanol concentration has on the effects of 

ethanol on the brain and goes further to suggest that noncontingent exposure methods do 

not model human alcohol consumption as well as self-administration paradigms.  

 

1.4.4 Concluding statements regarding the need for a nonhuman primate model 

The differences in brain organization and alcohol consumption between nonhuman primates 

and rodents suggests that nonhuman primates are useful tool for investigating alcohol-

related research questions that remain unanswered due to discrepancies between existing 

human and rodent data. Because the nonhuman primate will readily consume large 

quantities of ethanol in patterns similar to humans for very long periods of time, they more 

accurately reflect the drinking behavior and chronicity of consumption observed in human 

alcoholics. As such, they are a particularly useful model for identifying the potential influence 

of patterns and long periods of consumption on brain form and function.  

 

1.5 Summary 

Alcohol abuse and dependence are widespread disorders that have a significant impact on 

human health and the economy. Currently available pharmacotherapeutics have had only 

modest success in treating this disease. Though there has been significant research 
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reporting serotonergic dysfunction in association with chronic ethanol consumption, 

ethanol’s specific effects on this system remain poorly understood and drugs targeting 

serotonergic endpoints have had little success in clinical settings. The hippocampal 

formation serves as a major biological substrate mediating the reinforcing effects of drugs of 

abuse, including alcohol, and is heavily innervated by ascending serotonergic projections 

originating from the midbrain raphe nuclei. The SERT is the primary cellular constituent 

controlling extracellular serotonin levels and is localized to serotonergic axons and 

terminals. As such, the SERT can be used as an indicator of extracellular 5-HT levels and 

fiber density. 5-HT1A heteroreceptors, which are particularly dense in the hippocampal 

formation, modulate many of the neuroadaptive changes associated with compulsive drug 

use and, as such, are of interest for research investigating the structural and synaptic 

plasticity that results from chronic ethanol exposure.  

 

The existing literature is laden with contradictory evidence on the effects of chronic ethanol 

on hippocampal SERT and 5-HT1A receptors. This is likely due to a number of issues. First, 

human research is frequently troubled by small sample sizes, polydrug use, comorbid 

psychiatric diagnoses, and heterogeneity within the alcoholic population, which makes it 

difficult to conclude that any effects observed are due specifically to alcohol dependence. 

Second, data using rodents, which are the most frequently used animal model in the field of 

alcohol research, are also complicated by various factors. The existing rodent data includes 

numerous species and strains, which are known to exhibit significant differences in 

neurochemistry and neuroanatomy (Ingram and Corfman, 1980; Nguyen et al., 2000; Chen 

et al., 2006; Kapasova and Szumlinski, 2008). In addition, enormous variability exists in the 

ethanol exposure paradigms used, in particular for studies examining the effects of chronic 

ethanol. Most chronic rodent paradigms involve noncontingent methods of ethanol exposure 

including vapor chamber, experimenter administered (e.g., intraperitoneally, intragastric), or  
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ethanol liquid diets. These paradigms fail to accurately model human alcohol consumption 

patterns. Furthermore, voluntarily drug self-administration is known to produce drastically 

different effects compared to noncontingent exposure (Hemby et al., 1997; Jacobs et al., 

2003). Third, the hippocampal formation has frequently been treated as a single entity, 

which fails to account for the distinct regional and laminar organization that contributes 

uniquely to the unidirectional circuit that makes up the system. In addition, it is now clear 

that the rostrocaudal axis of the hippocampal formation is divided functionally with 

concomitant connectional and neurochemical differences. Failure to account for these 

regional distinctions can disguise discrete but significant changes and impede our 

understanding of the functional consequences of chronic ethanol exposure. Fourth, interest 

in the effects of ethanol on the serotonin system peaked in the 1970s and 1980s and as a 

result much of the existing data was acquired using techniques that are now considered to 

produce crude and often imprecise measurements. As a result of these issues, it is difficult 

to draw firm conclusions about the effect of chronic ethanol on hippocampal SERT and 5-

HT1A receptors.  

 

The studies described in the proceeding chapters aim to improve upon the existing literature 

and contribute to a better understanding of the effects of chronic ethanol on the serotonin 

system within the hippocampal formation. The design of the present studies takes 

advantage of a well characterized nonhuman primate ethanol self-administration model that 

accurately reflects human alcohol consumption and brain organization (see section 1.4). It 

also takes advantage of highly selective ligands to measure SERT and 5-HT1A receptor 

density and modern techniques to identify possible mechanisms behind the changes 

observed. Finally, the studies presented below employed an anatomically sophisticated 

approach that took into consideration both the functional subdivisions along the rostrocaudal 

axis and the subregional and layer specific divisions within the hippocampal circuit. A better 
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understanding the specific effects of chronic ethanol consumption on hippocampal SERT 

and 5-HT1A receptors may help researchers appreciate how the changes observed 

contribute to continued ethanol consumption and help to identify more adequate drug 

targets for the treatment of alcohol abuse and dependence. 
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Abstract  

Evidence for an interaction between alcohol consumption and the serotonin system has 

been observed repeatedly in both humans and animal models yet the specific relationship 

between the two remains unclear. Research has focused primarily on the serotonin 

transporter (SERT) due in part to its role in regulating extracellular levels of serotonin. The 

hippocampal formation is heavily innervated by ascending serotonin fibers and is a major 

component of the neurocircuitry involved in mediating the reinforcing effects of alcohol. The 

current study investigated the effects of chronic ethanol self-administration on hippocampal 

SERT in a layer and field specific manner using a monkey model of human alcohol 

consumption. [3H]Citalopram was used to measure hippocampal SERT density in male 

cynomolgus macaques that voluntarily self-administered ethanol for 18 months.  

Hippocampal [3H]citalopram binding was less dense in ethanol drinkers than in controls, with 

the greatest effect observed in the molecular layer of the dentate gyrus. SERT density was 

not correlated with measures of ethanol consumption or blood ethanol concentrations, 

suggesting the possibility that a threshold level of consumption had been met. The lower 

hippocampal SERT density observed suggests that chronic ethanol consumption is 

associated with altered serotonergic modulation of hippocampal neurotransmission.  

 

 

Running title – SERT density following chronic ethanol 

Keywords: 5-HT, 5-HTT, SERT, monkey, excessive drinking, alcohol self-administration, 

heavy drinking, hippocampus 
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Introduction 

Alcohol abuse and dependence are widespread disorders that constitute a significant public 

health concern, with the prevalence of alcohol abuse in the United States increasing in 

recent years (Grant et al., 2004). Alcohol use has been identified as the third leading 

preventable cause of death in the United States (Mokdad et al., 2004) and its financial 

burden has increased in magnitude over time (Harwood, 2000). Identifying the 

neurobiological consequences of excessive alcohol consumption and illuminating the 

mechanisms underlying those effects can provide a framework from which to develop new 

treatment strategies aimed at reducing the significant human and financial costs associated 

with this disease.  

 

A long history of research using animal models has reported a role for the serotonin system 

in regulating virtually every aspect of the progression to alcohol dependence, including 

intake, preference, tolerance and withdrawal (Myers and Veale, 1968; Griffiths et al., 1974; 

Frankel et al., 1975; Richardson and Novakovski, 1978). Despite an abundance of studies, 

the relationship between ethanol and serotonin remains unclear (for review LeMarquand et 

al., 1994; Kenna, 2010; Sari et al., 2011). In an effort to better understand the specific 

effects of chronic ethanol on this system, much research has focused on the serotonin 

transporter (SERT), as it is the main cellular constituent controlling extracellular levels of 

serotonin.  

 

Although frequently thought of as a single functional entity, the hippocampal formation is 

comprised of a discrete set of subregions, each of which make a unique contribution to the 

classical trisynpatic pathway characteristic of this region. Input to the hippocampal formation 

comes through projections from the entorhinal cortex to the dentate gyrus via the perforant 

path. Mossy fibers projecting from the dentate gyrus terminate on CA3 pyramidal neurons, 
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which then project via the Schaffer collaterals to CA1 pyramidal neurons. An additional 

projection is evident from CA1 to the subiculum, the hippocampal formation’s major source 

of information output (Amaral and Lavenex, 2007). This brain region serves as a major 

biological substrate mediating the reinforcing effects of drugs of abuse including alcohol 

(Haber and Knutson, 2009; Belujon and Grace, 2011) and is heavily innervated by 

ascending serotonergic fibers emanating from the raphe nuclei (Wilson and Molliver, 1991). 

Despite this, most studies examining the effects of ethanol on the SERT have focused on 

other regions involved in the mesocorticolimbic dopamine pathway.  

 

The few studies that have investigated the effects of ethanol on hippocampal SERT report 

conflicting results.  For example, genetically bred lines of ethanol-preferring and 

nonpreferring rats exhibit no differences in hippocampal SERT regardless of ethanol self-

administration history (Chen and Lawrence, 2000; Casu et al., 2004). Interestingly, Wistar 

rats exposed to ethanol in their drinking water for a period of six weeks exhibit a reduction in 

hippocampal SERT immunoreactivity (Tagliaferro et al., 2002), whereas greater SERT 

immunoreactivity has been reported in CA1-CA3 of mice made dependent following nine 

days of ethanol vapor chamber exposure (Shibasaki et al., 2010).  

 

The human literature is equally conflicted. In vivo imaging studies have reported no 

differences in hippocampal SERT availability in two populations of abstinent alcoholics 

(Brown et al., 2007; Martinez et al., 2009). Analyses of SERT density in human postmortem 

hippocampal brain tissue have reported either increases or decreases as a function of 

alcohol consumption. Gross-Isseroff and Biegon (1988) reported greater SERT density in 

the stratum oriens of the CA fields in individuals with detectable blood ethanol 

concentrations at time of death. In contrast, Chen et al. (1991) reported lower postmortem 
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hippocampal SERT density in individuals classified only as heavy drinkers compared to 

controls.  

 

Rodent models have provided the foundation of our current understanding of serotonergic 

involvement in acute and chronic ethanol self-administration. However, comparatively few 

studies have examined similar changes in the primate brain. Nonhuman primates more 

closely model human physiology, brain structure and alcohol drinking patterns than rodents. 

While the same general fields and functions are present in both the rodent and primate 

hippocampal formation, there are important species differences that illustrate how the 

monkey hippocampus more closely resembles that of humans. For example, greater 

differentiation and laminar organization is observed within the primate entorhinal cortex 

along with a thicker and more laminated principal cell layer within the CA fields of primates 

(Amaral and Lavenex, 2007). In addition, substantial differences in dentate gyrus intrinsic 

neurocircuitry have been noted between primates and rodents (Amaral et al., 1984). 

Similarly, the distribution of serotonergic fibers innervating the hippocampal formation differs 

significantly between rodents and primates (Azmitia and Gannon, 1986).  

 

While in vivo imaging is a useful tool, particularly for studies in humans, data using PET and 

SPECT can be difficult to interpret due to competition of the radiotracer with the endogenous 

ligand, in this case, serotonin. Studies utilizing human postmortem tissue have also been 

informative but are often plagued by small sample sizes and diverse alcohol dependent 

populations that vary in age, sex, ethnicity and alcoholic subtype. Human studies are 

frequently further confounded by variables that may directly impact various biochemical 

measures and are often impossible to control (e.g., comorbid psychiatric conditions, 

periodicity and chronicity of alcohol consumption, polysubstance use especially nicotine, 

and time in recovery). In addition to these limitations, the majority of studies investigating the 
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effects of ethanol on hippocampal SERT have examined the structure as a single entity. 

While this strategy is often useful from a technical perspective, it fails to recognize the 

unique regional and laminar organization that makes up functionally and molecularly distinct 

components of the underlying circuitry within the system (Small et al., 2011). Without this 

type of analysis, the functional implications of any findings remain limited.  

 

Using a well-established nonhuman primate model of human alcohol drinking (Vivian et al., 

2001; Grant et al., 2008) we examined the effects of chronic ethanol self-administration on 

hippocampal SERT density. Based on previous data reporting decreased serotonin levels 

(Murphy et al., 1982; Borg et al., 1985; Fils-Aime et al., 1996) and serotonin fiber number 

(Halliday et al., 1993; Zhou et al., 1994) in alcoholics and alcohol-preferring rats, we 

hypothesized that ethanol drinkers would exhibit lower hippocampal SERT density than 

controls. Furthermore, using in vitro receptor autoradiography we were able to examine 

SERT density in a layer by field specific manner allowing us to identify distinct areas of the 

hippocampal formation that may be more or less vulnerable to the effects of chronic ethanol. 

 

 

Material & Methods 

 

Subjects 

Adult male cynomolgus macaques (Macaca fascicularis) were individually housed in 

quadrant cages (1.6 x 0.8 x 0.8 m) allowing visual, auditory and olfactory contact with 

conspecifics, in a room with constant temperature (68-72°F), humidity (65%) and a 12 hour 

light cycle (lights on at 7:00 AM). At approximately six years of age (range=5.67-6.58 yrs) 

nine monkeys were allowed to voluntarily self-administer water and ethanol as described 

previously (Grant et al., 2008). Briefly, monkeys were trained to self-administer food, water 
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and ethanol using an operant panel permanently attached to the side of their home cage. 

Animals were initially exposed to ethanol in progressively increasing doses of 0.5, 1.0 and 

1.5 g/kg using a schedule-induced polydipsia technique with scheduled food delivery of one 

1 gram banana flavored pellet (Research Diets Incorporated, New Brunswick, NJ) every five 

minutes. Following induction, all animals were allowed to voluntarily self-administer ethanol, 

food and water during daily 22 hour sessions for a period of 12 months. Each animal’s 

intake varied throughout the 22 hour phase of the study with daily average consumption 

ranging from 1.17-4.25 g/kg (Table 1). Intake correlated positively with blood ethanol 

concentration (r2=0.70; p=0.005). Imaging and neuroendocrine data not reported here were 

collected following this 12 month period putting the total duration of drinking at 

approximately 18 months for each animal (range=18-20 mo.). Additional data from these 

animals are reported elsewhere (Freeman et al., 2010, 2011; Morrow et al., 2006; Porcu et 

al., 2006; Cheng et al., 2010; Lebold et al., 2010; Helms et al., 2011).  

 

Controls were adult male cynomolgus monkeys that had lived at the Oregon National 

Primate Research Center for three years prior to assignment to this protocol.  A set of four 

formed a group of “caloric controls” and were housed in the same room as the ethanol 

monkeys. Each monkey was allowed to self-administer a volume of a maltose-dextrin 

solution on a daily basis that was matched (yoked) in calories to the ethanol-caloric intake of 

an assigned ethanol monkey matched by body weight. Caloric controls were provided the 

same banana-flavored food pellets through the panels as their primary food source. The 

laboratory personnel interacted with these monkeys daily in the same manner as the ethanol 

monkeys for 10 months prior to necropsy.  

 

Additional controls were assembled from a separate study because a sufficient number of 

caloric control animals were not available at this time. Therefore, a second set of four 
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formed a group of “housing control” monkeys who were housed individually in quadrant 

cages in a room identical to the ethanol self-administration room (light cycle, temperature, 

humidity) and remained on regular laboratory diet (Purina monkey chow).  The laboratory 

personnel interacted with the monkeys daily for four months prior to necropsy. 

 

All procedures were approved by the Wake Forest University School of Medicine and 

Oregon Health & Sciences University Institutional Animal Care and Use Committees and 

adhered to NIH’s Guide for the Care and Use of Laboratory Animals (National Research 

Council, 1996).  

 

 

Necropsy 

All monkeys were necropsied at the end of their final 22 hour self-administration session at 

9:00 AM. Each monkey was sedated with ketamine (15 mg/kg intramuscular) and brought to 

a deep surgical plane of anesthesia with intravenous pentobarbital administered to effect 

(30-50 mg/kg). Following a complete craniotomy to speed access to the brain, each subject 

was perfused transcardially with ice-cold, oxygenated Krebs-Henseleit buffer (in mM: NaCL 

137, Na2HPO4 6.5, Na2PO4 1.4, KCl 2.7, CaCl2 0.3, MgCl2 1.0, glucose 5.0; pH = 7.4) for 1.5 

minutes. The brain was then quickly removed from the skull and blocked. Blocks were 

frozen either in isopentane at -35°C for 15 minutes or between aluminum slabs cooled on 

dry ice and subsequently stored at -80°C until ready for sectioning. Blocks containing the 

hippocampus were sectioned coronally at twenty microns using a cryostat maintained at -

20°C. Sections were thaw mounted to frost plus slides, placed immediately on wet ice and 

then in a desiccator overnight at 4°C before being placed at -80°C until ready to be 

processed for in vitro receptor autoradiography.  
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In vitro receptor autoradiography 

SERT density was determined at two separate levels within the rostro-caudal extent of the 

hippocampus corresponding to approximately A8-10 (midrostrocaudal) and A4-6 (caudal) in 

the atlas of Szabo and Cowan (1984). SERT was labeled with [3H]citalopram (PerkinElmer, 

Inc., Boston, MA) according to procedures adapted from Strazielle et al. (1996). Briefly, 

sections from each animal were preincubated for 15 minutes at room temperature in 50 mM 

Tris-HCl buffer containing 120 mM NaCl and 5 mM KCl (pH 7.4). Two adjacent sections per 

animal per level were used to determine total binding by incubation for 60 minutes at room 

temperature in the same buffer containing 2 nM [3H]citalopram (70.0 Ci/mmol) while 

nonspecific binding was determined using the same conditions with the addition of 10 uM 

fluoxetine (one adjacent section per animal per level). Sections were subsequently washed 

in ice-cold preincubation buffer (2 x 10 minutes) followed by a rinse in ice-cold distilled water 

and then dried overnight in a hood under a stream of cool air. Dried sections and [3H] 

standards (American Radiolabeled Chemicals, Inc., St. Louis, MO) were apposed to [3H] 

Hyperfilm for five weeks. Films were subsequently developed with Kodak GBX developer, 

stopbath and Kodak Rapid Fixer.  

 

Autoradiograms were analyzed by quantitative densitometry using MCID (Imaging 

Research, St. Catherines, Ontario, Canada). Standard curves from [3H] standards were 

used to convert optical density values to tissue equivalent values (fmol/mg wet weight 

tissue). Two adjacent measurements were taken in each region analyzed on each section 

measuring total binding (i.e., four measurements per region per level per animal). Specific 

binding was determined by subtracting nonspecific binding from total binding in adjacent 

sections. Adjacent nissl stained sections were used to confirm the anatomical placement of 

the measurements taken in each field and layer.  
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Statistical analysis 

Prism 5 for Mac OS X (San Diego, CA) was used for statistical analyses. Two-way analysis 

of variance was employed for each region measured with group (ethanol versus control) and 

level (midrostrocaudal versus caudal) as the factors. Linear regression was used to identify 

the relationship between [3H]citalopram binding and drinking measures.  

 

 

Results 

For all animals, [3H]citalopram binding was greatest in the molecular layer of the dentate 

gyrus (DGmol) with moderate binding in the stratum lacunosum moleculare of CA1 

(CA1slm) reflecting the normal distribution of serotonin fibers innervating the primate 

hippocampus (Figure 1; Wilson & Molliver, 1991).  

 

 

Figure 1. Representative [3H]citalopram binding in ethanol drinkers and 
controls. (A) A nissl stain of the nonhuman primate hippocampus in coronal view with 
relevant regions and layers labeled. (B) A representative example of hippocampal 
[3H]citalopram binding in a healthy control. (C) A representative example of 
hippocampal [3H]citalopram binding following chronic ethanol self-administration. Note 
that lower binding is visually apparent in the ethanol drinker. Abbreviations: gcl–
granule cell layer; mol–molecular layer; pcl–pyramidal cell layer; pol–polymorphic 
layer; slm–stratum lacunosum-moleculare; so–stratum oriens; sr–stratum radiatum.  

 

There were no significant differences in [3H]citalopram binding in either DGmol or CA1slm 

between the two control groups, one of which drank only water and remained on standard 
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monkey chow, and the other, which received a calorically-matched volume of maltose 

dextrin and ate the pelleted diet (p=0.22 and p=0.39 respectively; data not shown). As a 

result, data from both control groups were pooled for subsequent analyses.  

 

[3H]Citalopram binding was less dense in ethanol drinkers than in controls. In CA1slm a 

main effect of group approached significance [F(1,30)=3.370, p=0.076] with no effect of level 

[F(1,30)=0.008 p=0.783] (Figure 2A).  The effect was significant in DGmol, again with a 

main effect of group [F(1,30)=8.636, p=0.006] and no effect of level [F(1,30)=0.802, 

p=0.378] (Figure 2B).  

 

 

Figure 2. [3H]Citalopram binding is lower in animals that chronically self-
administered ethanol. (A) CA1slm [3H]citalopram binding is lower in ethanol drinkers 
than controls. (B) DGmol [3H]citalopram binding is significantly lower in ethanol 
drinkers than controls. #p=0.08; *p<0.01.  

 

[3H]Citalopram binding was not significantly correlated with measures of ethanol intake or 

blood ethanol concentration over the 12 month 22 hour drinking period (Table 1).  
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Table 1. Correlation coefficients for hippocampal [3H]citalopram binding and 
measures of ethanol consumption and blood ethanol concentration (BEC). Individual 
measures include lifetime intake as well as average intake and blood ethanol concentration 
at 6 months and 12 months into the 22 hour self-administration portion of the drinking 
paradigm. 
 

Animal 
Lifetime 

EtOH 
(mL) 

Lifetime 
EtOH (g/kg) 

6 mo ave 
daily intake 

(g/kg) 

12 mo ave 
daily intake 

(g/kg) 

6 mo ave 
BEC 

(mg/dL) 

12 mo ave 
BEC 

(mg/dL) 
Monkey 1 119884.1 931.9 2.40 2.07 52 50 
Monkey 2 265182.2 1583.6 3.92 3.76 143 124 
Monkey 3 283762 1774.2 4.58 4.25 137 157 
Monkey 4 199960.9 1469.4 3.25 3.40 88 113 
Monkey 5 97556.9 718.3 1.63 1.52 24 18 
Monkey 6 169733.6 1072.5 2.96 2.45 166 123 
Monkey 7  162786.3 1110.0 2.68 2.53 92 81 
Monkey 8  144425 1001.6 2.25 2.29 129 135 
Monkey 9 68458.8 588.6 1.06 1.17 9 11 
DGmol (r2) 0.003 0.011 0.007 0.010 0.050 0.036 
CA1slm (r2) 0.006 0.001 0.006 0.001 0.187 0.048 

 

 

Discussion 

Chronic ethanol self-administration was associated with lower hippocampal SERT density in 

cynomolgus macaques, an effect that was most pronounced in the molecular layer of the 

dentate gyrus.  This is the first study to investigate the effects of chronic ethanol self-

administration on hippocampal SERT density in a layer by region specific manner in a 

macaque model that closely resembles human physiology, neurobiology and voluntary 

alcohol drinking patterns. In addition, we have shown that self-administration and human 

interaction had no significant effect on hippocampal SERT density suggesting that housing 

controls are sufficient for future studies.  

 

The lower hippocampal SERT density observed in ethanol drinkers may be the result of a 

compensatory down-regulation of the transporter secondary to decreased serotonin 
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concentrations associated with chronic ethanol consumption (Borg et al., 1985; Fils-Aime et 

al., 1996). Indeed, the hippocampus appears to be particularly vulnerable to decreased 

serotonergic neurotransmission following chronic ethanol consumption (Wu et al., 1986). 

Alternatively, lower hippocampal SERT density may indicate a loss of serotonergic 

innervation. The human literature both supports and challenges this suggestion. Halliday et 

al. (1993) reported degeneration of midbrain serotonergic neurons identified by tryptophan 

hydroxylase (TPH) immunoreactivity in the brains of alcoholics with and without Werrneke-

Korsakoff’s syndrome. This study was contradicted by a subsequent study in which midbrain 

serotonergic neuron degeneration was not observed in alcoholics without Werneke-

Korsakoff’s (Baker et al., 1996). Recent studies suggest a more complex picture. In a 

comprehensive analysis, Underwood et al. (2007) investigated a heterogenous population of 

alcoholics and reported no differences in dorsal raphe serotonin neuron number or size but 

greater TPH immunoreactivity and density of TPH+ neuron processes in the dorsal raphe of 

alcoholics than controls. Similar findings were reported by Bonkale et al. (Bonkale et al., 

2006) who observed greater TPH immunoreactivity in a single subnucleus of the dorsal 

raphe of depressed alcoholic suicides than in healthy controls. Unfortunately, it is difficult to 

make comparisons among these studies due to small sample sizes and sample 

heterogeneity, but overall they suggest that chronic alcohol consumption is associated with 

serotonergic neuroplasticity. Importantly, however, recent work has shown that the SERT is 

a more accurate marker of serotonin positive neurons than serotonergic biosynthetic 

enzymes (Nielsen et al., 2006), the use of which can frequently produce false negatives. In 

addition, differences (or lack thereof) in raphe neuron number are not necessarily indicative 

of the density of serotonergic projections to regions outside the midbrain, making it possible 

that previously reported results are region specific. Further investigation will be required to 

determine the impact of serotonergic neurodegeneration and the extent that brain regions 

receiving these midbrain serotonergic projections are affected.  
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No correlational relationship was observed between hippocampal SERT density and 

individual measures of ethanol intake or blood ethanol concentration. It is possible that the 

neurobiological adaptations observed are reached at a lower threshold level of alcohol 

intake. The animals used in the present study had an average daily ethanol intake ranging 

from 1.16 to 4.20 g/kg (Grant et al., 2008) suggesting that changes in hippocampal SERT 

occur at alcohol intakes lower than 1.16 g/kg/day (about an average of 4 drinks/day). 

Several studies have reported correlations between amount of ethanol intake and 

neurobiological endpoints (Adell and Myers, 1995; Heinz et al., 1998; Acosta et al., 2010; 

Cuzon Carlson et al., 2011). However, in extrapolating to the human literature, accurate 

measures of intake are difficult to ascertain whereas duration of drinking is more 

quantifiable. Chronicity of drinking may in fact be a more accurate predictor of the 

neurobiological adaptations induced by of chronic ethanol consumption, as has been 

reported in previous studies examining effects on the serotonergic system (Preuss et al., 

2000; Berggren et al., 2002; Johnson et al., 2008). While the monkeys in the present study 

varied in overall levels of consumption, the duration of drinking was identical, which may 

explain the lack of correlation between intake and blood ethanol concentration measures 

and hippocampal SERT density.  

 

With the identification of a SERT polymorphism affecting transcriptional control of the protein 

product (5-HTTLPR), a significant amount of research has investigated whether basal SERT 

levels play a role in the risk for alcohol dependence. The 5-HTTLPR is a 44 base pair 

insertion/deletion with the short allele conferring reduced SERT mRNA, density and activity 

compared to the long variant (Lesch et al., 1996). The alcohol literature is replete with 

contradictory findings, but a recent meta-analysis revealed a modest association between 

dependence and the presence of at least one short allele of the 5-HTTLPR polymorphism. 
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Importantly, however, the study also uncovered the potential for publication bias toward 

positive results (McHugh et al., 2010). We are unable to conclusively determine whether 

lower hippocampal SERT density is a risk factor for heavy or compulsive ethanol self-

administration, but the data we report here suggest that basal SERT density may not be a 

risk factor for the amount an individual drinks.  All of the subjects in this study were 

randomly assigned to drinking and control groups so there is no reason to expect that 

drinkers, as a group, would have lower SERT densities before they were exposed to 

ethanol.  In addition, the absence of any correlation between individual consumption and 

hippocampal SERT density, while not conclusive, does not support the hypothesis that basal 

SERT density is a risk factor for or predictor of the amount consumed.  

 

Our findings contradict those of Shibasaki et al. (2010) who reported greater hippocampal 

SERT immunoreactivity in mice exposed to ethanol chronically using a vapor chamber 

apparatus, but support Tagliaferro et al. (2002) who observed lower hippocampal SERT 

immunoreactivity in rats exposed to ethanol in their drinking water for six weeks. These 

contradictory results are likely due to strain/species differences, exposure methods, and 

perhaps the stress induced by involuntary ethanol exposure. Various rodent species and 

strains exhibit marked differences in neurochemistry and neuroanatomy (Ingram and 

Corfman, 1980; Nguyen et al., 2000; Chen et al., 2006; Kapasova and Szumlinski, 2008). 

Furthermore, voluntary drug self-administration can produce drastically different effects from 

non-contingent drug exposure (Hemby et al., 1997; Jacobs et al., 2003). Both of these 

factors may contribute to the disparate findings reported in rodent models.  

 

Two studies have assessed the effects of alcohol on hippocampal SERT density in humans. 

The first examined the hippocampal formation in a regionally specific manner and reported 

greater SERT density in individuals with a positive blood ethanol concentration at time of 
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death as measured by [3H]imipramine binding (Gross-Isseroff and Biegon, 1988). These 

results are difficult to attribute to an effect of chronic alcohol consumption, however, 

because [3H]imipramine binds to both the SERT and a second, low affinity binding site 

(D’Amato et al., 1987) and subjects were assigned to the alcohol group simply on the basis 

of the presence of alcohol at time of death, which is not necessarily indicative of chronic 

consumption. In contrast, a more recent study reported lower SERT density in the brains of 

alcoholics than controls using [3H]paroxetine (Chen et al., 1991). These authors, however, 

failed to examine the hippocampus by its functionally distinct subregions as reported in the 

present study.  

 

Other studies have reported lower SERT binding or availability in brain regions outside the 

hippocampus in chronic drinkers (Heinz et al., 1998, 2000; Szabo et al., 2004; Storvik et al., 

2006a, 2006b, 2007). It is tempting to suggest that SERT density is lower globally in animals 

and humans exposed to chronic ethanol, but comparisons between the existing literature 

and our own data are difficult to make due to significant species and methodological 

differences, most notably the heterogeneity of the samples investigated. Further work is 

needed to determine whether the differences observed in the hippocampal formation are 

also observed elsewhere in the brain, how these differences may affect neurotransmission 

and the responsivity to pharmacotherapuetics aimed at reducing drinking.  

 

If the lower hippocampal SERT density we observed in the present study following chronic 

ethanol consumption is related to serotonergic fiber degeneration, then the hippocampus 

may be operating under a serotonin deficit in chronic ethanol drinkers. The dentate gyrus, 

which we found was most vulnerable to this effect, is the first step in the unidirectional circuit 

that makes up the hippocampal formation (Insausti and Amaral, 2004), receiving all 

incoming sensory information from the entorhinal cortex (Insausti and Amaral, 2004). 
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Because of the complexity of the serotonin system and the abundance of functionally 

distinct receptors in the serotonin family (Barnes and Sharp, 1999) it is difficult to speculate 

on the functional consequences of the changes we observed. The 5-HT1A receptor, 

however, is particularly abundant in the hippocampal formation in the same regions where 

the SERT is localized (Stuart et al., 1986). The 5-HT1A receptor is coupled to Gi/o and 

consequently inhibits adenylate cyclase ultimately resulting cellular inhibition and decreased 

neurotransmission (De Vivo and Maayani, 1986; Pugliese et al., 1998). Lower serotonin 

concentrations would likely reduce the activation of the 5-HT1A receptor and ultimately result 

in a relief of the inhibitory modulation that the hippocampal circuit is typically under. An 

alteration at the beginning of this circuit is likely to have downstream effects and ultimately 

modify the circuit’s final output. 

 

Drugs targeting the serotonin system, including selective serotonin reuptake inhibitors 

(SSRIs), which increase extracellular serotonin levels in the brain by blocking SERT activity, 

have been proposed for the treatment of alcohol dependence (Johnson, 2004). 

Unfortunately, these drugs have had only limited success despite an abundance of 

promising preclinical data (Kranzler et al., 1995; Kabel and Petty, 1996). This preclinical 

data has relied, however, mainly on rodent models, which exhibit important serotonergic 

differences compared to primates (Azmitia and Gannon, 1986; Duncan et al., 1998). As 

such, the field can benefit from work using primate models, including the present study, to 

better understand the interaction between chronic alcohol consumption and serotonergic 

perturbations in the brain. The results reported here suggest that continued exploration of 

drugs targeting the serotonin system is warranted for the treatment of alcohol use disorders.  
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ABSTRACT:  

Background: Chronic alcohol consumption alters the synaptic mechanisms involved in 

memory formation. Hippocampal 5-HT1A receptors modulate many of these mechanisms, 

yet their role in the neuroadaptive processes resulting from continued alcohol consumption 

is not well understood.  

 

Methods: Brain sections from the intermediate and posterior hippocampus were prepared 

for in vitro receptor autoradiography and laser capture microdissection from monkeys that 

were allowed to voluntarily self-administer ethanol for approximately 18 months. The 5-HT1A 

receptor antagonist, [3H]MPPF, and the agonist, [3H]8-OH-DPAT, were used to measure 

ethanol-induced changes in total, and g protein-coupled 5-HT1A receptors respectively. 

Dentate gyrus (DG) granule cells and CA1 pyramidal neurons were isolated to examine the 

effect of chronic ethanol on 5-HT1A receptor gene expression and gene expression of the 

recently identified 5-HT1A receptor trafficking protein, Yif1B.  

 

Results: An increase in g protein-coupled, but not total receptors, was observed in the 

posterior stratum radiatum and pyramidal cell layer of CA1 in ethanol drinkers compared to 

controls. In addition, chronic ethanol self-administration was associated with an upregulation 

of both total and g protein-coupled 5-HT1A receptors in the posterior DG polymorphic layer. 

These changes were not associated with concomitant upregulation of 5-HT1A receptor 

mRNA expression. Chronic ethanol was, however, associated with greater Yif1B gene 

expression in posterior CA1 pyramidal neurons of ethanol drinkers.  

 

Conclusions: These data suggest that 18 months of voluntary ethanol self-administration 

upregulates hippocampal 5-HT1A receptor density in a subregion, layer and level specific 

manner. Changes in receptor density do not appear to be due to alterations at the level of 
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receptor transcription but instead may be due, in part, to increased trafficking of the receptor 

to the membrane. Further exploration of the mechanisms behind chronic ethanol-induced 5-

HT1A receptor upregulation and how this alters hippocampal neurotransmission is warranted 

and may assist in the identification of more effective drug treatments for alcohol 

dependence. 

 

 

Key words: serotonin, monkey, heavy drinking, hippocampus, Yif1B 
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INTRODUCTION:  

The hippocampus plays an important role in the development of alcohol dependence by 

modulating the actions of the mesolimbic dopamine system via projections to various brain 

regions including the nucleus accumbens (Friedman et al. 2002; Haber & Knutson 2009).  It 

is also thought to play a significant role in the acquisition and retrieval of drug related 

memories (Hyman & Malenka 2001; Robbins et al. 2008). Indeed, many of the mechanisms 

of synaptic and structural plasticity altered by chronic alcohol also mediate memory 

formation (Kauer & Malenka 2007; Nestler 2002) including long-term potentiation (LTP; 

Roberto et al. 2002) and long-term depression (Thinschmidt et al. 2003).  

 

Serotonin plays a well-recognized role in the effects of chronic ethanol. Among the various 

receptors that mediate the effects of serotonin within the hippocampus, 5-HT1A 

heteroreceptors have drawn particular interest. Here they are localized to the dendrites and 

axon hillock of dentate gyrus granule cells and CA1/2 pyramidal neurons (Azmitia et al. 

1996), where they decrease cell firing (Pugliese et al. 1998) and inhibit LTP (Kojima et al. 

2003).  

 

Despite their pivotal role, there is a paucity of information regarding the relationship between 

chronic ethanol and hippocampal 5-HT1A receptors. Ulrichsen (1991) reported that exposing 

rats to ethanol for five days resulted in lower hippocampal 5-HT1A receptor binding to the 

agonist, [3H]8-OH-DPAT. Nevo et al. (1995) reported similar results following 14 days of 

ethanol using both [3H]8-OH-DPAT and the antagonist, [3H]WAY 100635. This design is 

particularly advantageous since agonists bind only to 5-HT1A receptors that are actively g 

protein-coupled, whereas antagonists will readily bind to receptors in either coupled or 

uncoupled states (Gozlan et al. 1995). Despite this, Nevo et al., (1995) did not report a 

subregion and layer specific analysis of the hippocampus. Because the discrete functional 
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subdivisions of the hippocampus each contribute uniquely to the hippocampal microcircuitry, 

a more anatomically comprehensive approach is warranted (Amaral & Lavenex 2007).  

 

While the existing rodent studies indicate that chronic ethanol reduces hippocampal 5-HT1A 

receptor density, Martinez et al. (2009) reported no change in hippocampal 5-HT1A receptor 

availability in alcohol dependent humans. Factors like method/duration of ethanol exposure 

and species differences in 5-HT1A receptor distribution may have contributed to the 

discrepant findings, but the effect of ethanol on the expression of 5-HT1A receptors remains 

unclear.  

 

Little attention has focused on the mechanism(s) underlying ethanol-induced alterations in 

5-HT1A receptor density. A change in 5-HT1A receptor gene expression is perhaps the most 

parsimonious explanation for altered receptor density, but gene expression is frequently 

regulated independently of protein expression (Gry et al. 2009; Guo et al. 2008) so parallel 

changes to both measures cannot be assumed.  

 

Receptor density is also regulated by trafficking mechanisms. Recent work has identified 

Yif1B as a protein responsible for trafficking the 5-HT1A receptor to distal dendrites of 

hippocampal neurons (Carrel et al. 2008). Because this protein has only very recently been 

identified, the effect of chronic ethanol on this potential mechanism also remains to be 

clarified.  

 

The present study takes advantage of a well-characterized nonhuman primate model that 

accurately reflects human alcohol consumption (Grant et al. 2008; Vivian et al. 2001) to 

investigate the effects of chronic ethanol self-administration on hippocampal 5-HT1A 

receptors. Using this model, we performed a comprehensive subregion, layer and level 
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specific anatomical analysis of hippocampal 5-HT1A receptor binding and mRNA expression. 

In addition, we explored the possible role of receptor trafficking in the regulation of 

hippocampal 5-HT1A receptors by long-term ethanol self-administration.  

 

MATERIALS & METHODS:  

Subjects 

The subjects and ethanol self-administration methods used in the current study have been 

described in detail previously (Burnett et al. 2012). Individually housed adult male 

cynomolgus macaques (Macaca fascicularis) voluntarily self-administered ethanol, water 

and banana flavored food pellets (Research Diets Incorporated, New Brunswich, NJ) using 

an operant panel permanently attached to the side of their home cage 22 hours a day for 18 

months (n=9). Controls consisted of two separate groups of ethanol naïve monkeys. “Caloric 

controls” (n=4) were housed in the same room as the ethanol group, received the same diet, 

and self-administered a volume of a maltose-dextrin solution that was matched in calories to 

the ethanol-caloric intake of an assigned ethanol monkey. “Housing controls” (n=4) were 

housed in a room identical to the ethanol self-administration room and remained on regular 

laboratory diet (Purina monkey chow).  

 

Monkeys were necropsied at the end of their final 22 hour self-administration session as 

described previously (Burnett et al. 2012). The brain was quickly removed, blocked, flash 

frozen and stored at -80°C until ready for sectioning. All procedures were approved by the 

Wake Forest University School of Medicine and Oregon Health & Sciences University 

Institutional Animal Care and Use Committees and adhered to NIH’s Guide for the Care and 

Use of Laboratory Animals.  

 

In vitro receptor autoradiography 
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Blocks containing the hippocampus were sectioned coronally at 20 microns using a cryostat 

maintained at -20°C. Sections were thaw mounted to frost plus slides, placed on wet ice and 

then in a desiccator overnight at 4°C before being placed at -80°C until ready for processing.  

 

5-HT1A receptor density was determined using the agonist [3H]8-hydroxy-2-(di-n-

propyl)aminotetralin (8-OH-DPAT) or antagonist [3H]4-(2’-methoxy-)-phenyl-1-[2’-(N-2”-

pyridal)-p-fluorobenzamido]ethyl-piperazine (MPPF) (PerkinElmer, Inc., San Jose, CA). 

Specific binding was determined on two adjacent sections at two separate levels along the 

rostrocaudal extent of the hippocampus corresponding to approximately A8-10 

(midrostrocaudal) and A4-6 (caudal) in the atlas of Szabo and Cowan (1984) per animal. 

Nonspecific binding was determined using a single adjacent section per level per animal. 

The anterior and posterior hippocampus are distinguished from each other based on 

functional differences, but recent work suggests that the hippocampus is more appropriately 

subdivided into anterior, posterior and intermediate regions (Fanselow & Dong 2010). While 

additional work is needed to clearly define these boundaries, the levels chosen for the 

present study correspond approximately to the intermediate and posterior hippocampus 

respectively.  

 

Labeling with [3H]8-OH-DPAT was performed using the procedures of Lu & Bethea (2002). 

Sections were preincubated for 30 minutes at room temperature in 170 mM Tris-HCl buffer 

containing 4 mM CaCl2 (pH 7.6). Total binding was determined by incubation for 60 minutes 

in the same buffer containing 2 nM [3H]8-OH-DPAT (187.4 Ci/mmol), 0.01% L-ascorbic acid, 

10 uM pargyline and 10 uM fluoxetine while nonspecific binding was determined in the 

presence of 2 uM serotonin. Sections were subsequently washed in ice-cold preincubation 

buffer (2 x 4 minutes) followed by a rinse in ice-cold distilled water. 

  



126 

Labeling with [3H]MPPF was performed using the procedures of Hensler (2002). Sections 

were preincubated for 30 minutes at room temperature in 170 mM Tris-HCl buffer (pH 7.6). 

Total binding was determined by incubation for 90 minutes in the same buffer containing 10 

nM [3H]MPPF (74.2 Ci/mmol) while nonspecific binding as determined in the presence of 10 

uM WAY 100635. Sections were subsequently washed in ice-cold preincubation buffer (2 x 

5 minutes) followed by two rinses in ice-cold distilled water for one minute and 30 seconds, 

respectively.  

 

Sections were dried overnight in a hood under a stream of cool air and then apposed with 

[3H] standards (American Radiolabeled Chemicals, Inc., St. Louis, MO) to [3H]Hyperfilm for 4 

weeks for [3H]8-OH-DPAT and 5 weeks for [3H]MPPF. Films were developed with Kodak 

GBX developer, stopbath and Kodak Rapid Fixer.  

 

Autoradiograms were analyzed by quantitative densitometry using MCID (Imaging 

Research, St. Catherines, Ontario, Canada). Standard curves from [3H] standards were 

used to convert optical density values to tissue equivalent values (fmol/mg wet weight 

tissue). Two adjacent measurements were taken in each region analyzed on each section 

measuring total binding (i.e., four measurements per region per level per animal). Specific 

binding was determined by subtracting nonspecific binding from total binding in adjacent 

sections. Adjacent nissl stained sections were used to confirm the anatomical placement of 

the measurements taken.  

 

LCM, RNA isolation & cDNA synthesis 

Sections adjacent to those used for in vitro receptor autoradiography were cut coronally at 

10 microns using a cryostat maintained at -20°C, thaw mounted to plain glass slides, placed 

on dry ice and stored at -80°C until ready for processing.  
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Cells for microdissection were visualized using an RNA-compatible nissl stain. Sections 

were thawed to room temperature for 30 seconds and then submerged in 75% ethanol, 

nuclease free water, 0.005 M thionin solution, nuclease free water, 75% ethanol, 95% 

ethanol, and 100% ethanol for 30 seconds, dehydrated in xylene for five minutes and air 

dried under a hood for five minutes.  

 

5-HT1A receptors are localized primarily to principle cells within the hippocampus but a small 

number have also been identified on astrocytes and interneruons (Azmitia et al. 1996; Aznar 

et al. 2003). In order to focus our analysis on the principle neurons expressing 5-HT1A 

receptors, individual CA1 pyramidal neurons and the entire dentate gyrus (DG) granule cell 

layer were microdissected using the Arcturus XT LCM Instrument (Life Technologies 

Corporation, Carlsbad, CA). Cells of interest were identified by neuroanatomical location, 

size and morphology. Average dissection parameters were: pyramidal neurons: power=68, 

duration=8, spot size=18-20; granule cell layer: power=75, duration=50, spot size=65. 

Approximately 1,200-1,600 pyramidal neurons and 4-5 granule cell layers were 

microdissected from 4-6 sections per level per animal.  

 

After dissection cells were lysed and RNA was extracted using the Arcturus PicoPure 

Frozen RNA Isolation Kit (Life Technologies Corporation). Isolated RNA was eluted into 30 

uL of elution buffer. Samples from a single subject were pooled together and RNA was 

quantified using NanoDrop 1000 (Thermo Scientific, Wilmington, DE). RNA quality was 

assessed for each subject from adjacent sections using the Agilent 2100 Bioanalyzer with 

RNA 6000 Pico Kit (Agilent Technologies, Santa Clara, CA). Total RNA (100 ng) was 

transcribed for each subject using random primers and Superscript III (Life Technologies 

Corporation). Aliquots of RNA from each subject for each discrete cell population were 
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pooled prior to reverse transcription for use as standards. An additional pooled aliquot was 

reverse transcribed in the absence of Superscript III to serve as a no reverse transcription 

control (NRTC) for detection of genomic DNA. Resulting complimentary DNA (cDNA) was 

diluted 1:50 for qPCR and standards were generated from the pooled cDNA and serially 

diluted in two fold dilutions from 1:10 to 1:320.  

 

qPCR 

Standard Taqman Gene Expression Assays (Applied Biosystems, Carlsbad, CA) were used 

for the measurement of 5-HT1A receptor and Yif1B levels as well as endogenous controls: 5-

HT1A receptor (HTR1A)–Hs00265014_s1; YIF1B–Hs00293051_m1; 18S–Hs99999901_s1; 

β-actin (ACTB)–Hs99999903_m1; β-2 microglobulin (B2M)–Hs99999907_m1; 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)–Hs99999905_m1; β-glucuronidase 

(GUSB)–Hs99999908_m1; hypoxanthine phosphoribosyltransferase 1 (HPRT1)–

Hs99999909_m1; phosphoglycerate kinase 1 (PGK1)–Hs99999906_m1; peptidylprolyl 

isomerase A (cyclophilin A) (PPIA)–Hs99999904_m1; ribosomal protein, large (RPLPO)–

Hs99999902_m1; TATA box binding protein (TBP)–Hs99999910_m1; transferrin receptor 

(TFRC)–Hs99999911_m1.  

 

ABI Prism 7900HTS real-time detector (Applied Biosystems) was used to analyze 384-well 

plates containing 0.5 uL Taqman Gene Expression Assay (20X), 5.5 uL ABsolute QPCR 

ROX Mix (Thermo Scientific) and 4.5 uL diluted cDNA mixed together in each well. In 

addition to the NRTC, a no template control (NTC) consisting of water instead of cDNA was 

used. Samples were run in triplicate using thermocycle conditions and quantified according 

to methods described previously (O’Connor et al. 2007). Endogenous controls (ECs) were 

selected for each experiment from a set of eleven candidate reference transcripts (see 

above) using the geNorm algorithm (Vandesompele et al. 2002). HPRT1, PGK1, PPIA, and 
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TBP were used as ECs for experiments using DG granule cells while 18S, HPRT1, PGK1, 

and PPIA were used for CA1 pyramidal neurons. Data for each gene of interest were 

expressed as mean quantity over geometric mean of the mean quantity of the selected ECs 

for each experiment. Normalized values are expressed as percent control.  

 

Statistical analysis 

SigmaStat 3.1 (Systat Software, Inc., Point Richmond, CA) was used for statistical analyses. 

All data were analyzed following log transformation for normalization. Two-way repeated 

measures analysis of variance was employed for each region measured in receptor 

autoradiography experiments with group (ethanol versus control) and level (intermediate 

versus posterior) as the factors and level as the repeated measure. Posthoc pairwise 

multiple comparisons were conducted using a Bonferroni t-test. Data from each discrete cell 

population in the gene expression experiments were analyzed separately in a similar 

manner. Linear regression was used to identify the relationship between binding and gene 

expression data.  

 

RESULTS:  

Differences between caloric and housing controls 

There were no significant differences between control groups in [3H]MPPF binding, 5-HT1A 

receptor gene expression or Yif1B gene expression for any of the regions measured. A main 

effect of group was observed between caloric and housing controls in [3H]8-OH-DPAT 

binding in the DG granule cell layer (DGgcl) [F(1,15)=5.988, p=0.050; Supplementary 

Figure 1]. A closer examination of the data revealed that the effect was driven by two 

housing controls that exhibited far greater (49%) [3H]8-OH-DPAT binding than the other six 

controls and all nine ethanol drinkers. Importantly, no effect of ethanol on DGgcl [3H]8-OH-

DPAT binding was observed regardless of whether the control groups were pooled. We 
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therefore concluded that while the difference between control groups within this region 

achieved statistical significance it is unlikely to be scientifically meaningful since the control 

group analysis is underpowered and there was only a single difference among 14 

comparisons. Thus, due to the preponderance of the evidence and in the interest of 

statistical power, data for both control groups were pooled and treated as one group.   

 

 

Supplementary Figure 1. Differences in [3H]8-OH-DPAT binding between 
housing and caloric controls in the dentate gyrus granule cell layer. Note that the 
significant difference observed at the intermediate level is driven by two housing 
controls that exhibited far greater binding (49%) than the other two housing controls, 
all four caloric controls and all nine ethanol drinkers. *p≤0.05.  

 

 

Effect of chronic ethanol on [3H]MPPF binding  

[3H]MPPF binding reflected the normal distribution of 5-HT1A receptors reported in the 

primate hippocampus (Figure 1; Varnas et al. 2004) with the greatest density in CA1/CA2 
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and moderate to high levels in the denate gyrus (DG). Based on this distribution, 

measurements were taken in all four layers of CA1: stratum oriens (so), pyramidal cell layer 

(pcl), stratum radiatum (sr) and stratum lacunosum molecular (slm), and all three layers of 

the DG: molecular layer (mol), granule cell layer (gcl) and polymorphic layer (pol).  

 

 

 

Figure 1. Representative [3H]MPPF binding. (A) Nissl stained section outlining the 
subregions and layers of the hippocampus. Representative control (B) and ethanol (C) 
autoradiograms showing high [3H]MPPF binding in CA1 and moderate to high binding 
in the dentate gyrus. Note that greater binding is evident in the DGmol and DGpol of 
ethanol drinkers (C). Abbreviations: CA1-3 – cornu ammonis 1-3; DG – dentate gyrus; 
gcl – granule cell layer; mol – molecular layer;  pcl – pyramidal cell layer; pol – 
polymorphic layer; slm – stratum lacunosum moleculare; so – stratum oriens, sr – 
stratum radiatum.  

 

A main effect of level was observed in CA1sr and CA1pcl [F(1,33)=29.947, p<0.001; 

F(1,33)=47.348, p<0.001 respectively; Figure 2]. Posthoc comparisons revealed greater 

[3H]MPPF binding in the posterior than the intermediate level in both layers for both groups 

(p<0.01). No main effect of level was observed in CA1so or CA1slm. No main effect of group 

was observed for any of the layers in CA1.  
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Figure 2. Effect of chronic ethanol on [3H]MPPF binding in CA1. Both ethanol and 
controls exhibited greater binding at posterior than intermediate levels in the stratum 
radiatum (B) and pyramidal cell layer (C). No differences were observed in the stratum 
lacunosum moleculare (A) or stratum oriens (D). **p≤0.01.  

 

 

A main effect of group was observed in DGmol [F(1,33)=4.628, p=0.048] and DGpol 

[F(1,33)=14.184, p=0.002] (Figure 3). Posthoc comparisons revealed greater [3H]MPPF 

binding in the ethanol group than controls in the intermediate DGmol (18%; p=0.046) and 

both intermediate (34%; p=0.007) and posterior (37%; p=0.003) DGpol. Ethanol drinkers 

exhibited greater [3H]MPPF binding in posterior DGmol (14%) but this effect did not reach 

statistical significance (p=0.096).  
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Figure 3. Effect of chronic ethanol on [3H]MPPF binding in the dentate gyrus. 
Ethanol drinkers exhibited greater binding than controls in the molecular (A) and 
polymorphic (C) layers at both intermediate and posterior levels. No differences were 
observed in the granule cell layer (B). *p≤0.05; **p≤0.01; #p≤0.10.  

 

 

Effect of chronic ethanol on [3H]8-OH-DPAT binding 

The distribution of hippocampal [3H]8-OH-DPAT binding was similar to the distribution of 

[3H]MPPF binding (Supplementary Figure 2) so measurements were taken from the same 

layers and subregions. Measurements were not taken, however, from one section for three 

control animals due to tissue loss resulting in the average of two measurements instead of 

four for each region for these subjects.   



134 

 

 

Supplementary Figure 2. Representative [3H]8-OH-DPAT binding. (A) Nissl 
stained section outlining the subregions and layers of the hippocampus. 
Representative control (B) and ethanol (C) autoradiograms showing high [3H]8-OH-
DPAT binding in CA1 and moderate to high binding in the dentate gyrus. 
Abbreviations: CA1-3 – cornu ammonis 1-3; gcl – granule cell layer; mol – molecular 
layer; pcl – pyramidal cell layer; pol – polymorphic layer, slm – stratum lacunosum 
moleculare; so – stratum oriens, sr – stratum radiatum.  

 

 

A main effect of level was observed in CA1pcl [F(1,33)=5.852, p=0.029; Figure 4]. Posthoc 

comparisons revealed greater binding in the posterior than the intermediate level for ethanol 

drinkers only (p=0.018). Binding in CA1sr showed a trend for a main effect of level 

[F(1,33)=4.173, p=0.059] and a significant interaction between group and level 

[F(1,33)=4.783, p=0.045]. Like the [3H]MPPF findings, the ethanol group exhibited greater 

binding in the posterior than the intermediate level (p=0.008), but controls exhibited similar 

densities between levels. No effect of group or level was observed in CA1so or CA1slm.  
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Figure 4. Effect of chronic ethanol on [3H]8-OH-DPAT binding in CA1. Binding 
was greater in ethanol drinkers in the posterior than the intermediate level for both the 
stratum radiatum (B) and pyramidal cell layer (C) while controls exhibited similar 
binding between levels for both layers. No differences were observed in the stratum 
oriens (D) or stratum lacunosum moleculare (A). *p≤0.05; **p≤0.01. 

 

 

A main effect of group was observed in DGpol [F(1,33)=6.236, p=0.025; Figure 5] with the 

ethanol group exhibiting greater binding at both intermediate (19%) and posterior (67%) 

levels compared to controls. This effect reached significance only at the posterior level 

(p=0.007). No effect of group or level was observed in DGmol or DGgcl.  
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Figure 5. Effect of chronic ethanol on [3H]8-OH-DPAT binding in the dentate 
gyrus. Ethanol drinkers exhibited greater binding in the polymorphic layer (C) at the 
posterior level while no differences were observed in the molecular (A) or granule cell 
(B) layers. **p≤0.01.   

 

 

Effect of chronic ethanol on 5-HT1A receptor gene expression 

A main effect of level was observed in HTR1A expression in CA1 pyramidal neurons 

[F(1,33)=5.462, p=0.034; Figure 6]. Posthoc comparisons revealed significantly lower 

HTR1A expression in CA1 of ethanol drinkers in the intermediate than the posterior level 

(p=0.040) while controls exhibited similar HTR1A expression between levels. No effect of 

level or group was observed in the DG. In addition, no significant correlation was observed 

between [3H]MPPF or [3H]8-OH-DPAT binding and HTR1A expression in areas were an 

effect of ethanol was observed on receptor density (data not shown).  

 



137 

 

 

Figure 7. Effect of chronic ethanol on relative HTR1A and Yif1B mRNA 
expression. Individual CA1 pyramidal neurons (A) and the dentate gyrus granule cell 
layer (C) were identified based on location, size and morphology in nissl stained 
sections. The discrete cell populations were laser capture microdissected (B, D) after 
which the isolated cells were be visualized on the LCM cap (insets in B and D). Note 
that non-neuronal cell populations remain undissected (arrow heads in B) from cells of 
interest (arrows in B) using this technique. Chronic ethanol had no effect on HTR1A 
(E) or Yif1B (G) expression in the dentate gyrus. HTR1A expression was significantly 
lower in ethanol drinkers in intermediate than posterior CA1 pyramidal neurons (F). In 
contrast, Yif1B expression was significantly greater in posterior than intermediate CA1 
pyramidal neurons of ethanol drinkers (H). *p≤0.05.  
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Effect of chronic ethanol on Yif1B gene expression 

A main effect of level was observed in CA1 pyramidal neurons [F(1,32)=6.964, p=0.019; 

Figure 6] with the ethanol group exhibiting greater Yif1B gene expression in the posterior 

than intermediate hippocampus (p=0.024) whereas controls exhibited a similar magnitude of 

expression at both levels. A similar effect of level was noted in the DG although it did not 

reach statistical significance [F(1,33)=3.398, p=0.085]. No effect of group was observed for 

either cell population. No significant correlation was observed between Yif1B gene 

expression and 5-HT1A receptor density measures (data not shown).  

 

DISCUSSION:  

Chronic ethanol self-administration was associated with subregion, layer and level specific 

upregulation of hippocampal 5-HT1A receptor density. These changes were not accounted 

for by concurrent alterations in receptor gene expression, although alterations in receptor 

trafficking may have played a regionally specific role since ethanol induced an increase 

Yif1B gene expression in posterior CA1.  

 

5-HT1A receptor density 

Total 5-HT1A receptor density, measured by [3H]MPPF, was greater in posterior than 

intermediate CA1sr and CA1pcl in both ethanol drinkers and controls indicating the 

presence of layer-specific rostrocaudal differences in 5-HT1A receptor density. In addition, 

greater [3H]8-OH-DPAT binding was observed in these same layers in ethanol drinkers, 

suggesting an ethanol-induced 5-HT1A receptor upregulation due to an apparent transition 

from uncoupled reserve receptors to functionally coupled receptors.  

 

In contrast, no rostrocaudal gradient was observed in the DG. Nevertheless, chronic ethanol 

self-administration produced a similar layer-specific upregulation of 5-HT1A receptors with 
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greater total receptor number in both DGmol and DGpol. [3H]8-OH-DPAT binding was also 

greater in the posterior DGpol suggesting that the ethanol-induced increase in total 5-HT1A 

receptors in this region is due to an increase in coupled receptors. In contrast, the lack of a 

corresponding increase in [3H]8-OH-DPAT binding in DGmol and intermediate DGpol 

suggests that the ethanol-induced increase in 5-HT1A receptors in these regions is not due 

to an increase in coupled receptors. It is unclear from the present data whether the increase 

in uncoupled 5-HT1A receptors in these layers is due to an increase in receptor reserve or 

desensitized receptors that have not been fully degraded. Although the effect did not reach 

statistical significance, [3H]8-OH-DPAT binding was greater in the DGmol and intermediate 

DGpol in the ethanol group than in controls suggesting that increased receptor reserve may 

be more likely.  

 

The 5-HT1A receptor upregulation observed in the present study challenges previous studies 

in rodents that report a decrease in hippocampal 5-HT1A receptors following chronic ethanol 

exposure (Ulrichsen 1991; Nevo et al. 1995). Both studies, however, exposed animals to 

ethanol in a non-contingent manner, which is known to produce different effects from 

voluntary drug self-administration (Hemby et al. 1997; Jacobs et al. 2003). In addition, the 

exposure paradigms lasted 5-10 days while the nonhuman primates in the present study 

voluntarily self-administered ethanol for approximately 18 months. Furthermore, in rodents, 

5-HT1A receptors are most abundant in the DGmol and moderately abundant in CA1 

whereas primates exhibit the reverse relationship between 5-HT1A density in DGmol and 

CA1 (Duncan et al. 1998; Köhler et al. 1986) potentially contributing to the contradictory 

results.  

 

Chronic ethanol produces a decrease in extracellular serotonin levels in the brain (Borg et 

al. 1985; Frankel et al. 1974) that may be due to ethanol-induced degeneration of 
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serotonergic fibers (Halliday et al. 1993). Indeed, we have reported decreased hippocampal 

serotonin transporter (SERT) density in these same animals (Burnett et al. 2012), and SERT 

density is reportedly an accurate indicator of serotonin fiber density (Nielsen et al. 2006). 

These findings suggest that the upregulation of 5-HT1A receptors reported here may be a 

compensatory response to decreased serotonin. The effect of chronic ethanol on SERT 

density in these animals was greatest in the DG (Burnett et al. 2012), like the results we 

report here for 5-HT1A receptors, further supporting our conclusion that a compensatory 

response underlies our findings.  

 

Increased activation of 5-HT1A receptors as a result of greater receptor density would result 

in increased inhibition of excitatory neurotransmission. Given the 5-HT1A receptor’s role in 

inhibiting LTP, the proposed increase in receptor activation may also contribute to the 

reduced LTP production associated with chronic ethanol. Additional work is necessary to 

determine the specific functional consequences of 5-HT1A receptor upregulation in these 

regions.  

 

8-OH-DPAT remains the 5-HT1A agonist of choice for experimental manipulations, however, 

it is now clear that this ligand also acts at the 5-HT7 receptor (Krobert et al. 2001). Like 5-

HT1A receptors, within the hippocampus, 5-HT7 receptors are most abundant in CA1/2 and 

the DG (Martín-Cora & Pazos 2004) creating the possibility that measurements taken in the 

[3H]8-OH-DPAT assay include both receptor subtypes. The density of 5-HT7 receptors within 

these regions, however, is 6-10% of 5-HT1A receptors (Martín-Cora & Pazos 2004; Varnas et 

al. 2004), and it has been shown that the low concentration of [3H]8-OH-DPAT used in the 

present study is unable to detect 5-HT7 receptors (Bonaventure et al. 2002). These 

considerations as well as the similarity in binding patterns between [3H]8-OH-DPAT and 

[3H]MPPF assays, and the fact that [3H]MPPF is a highly selective 5-HT1A receptor 
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antagonist (Thielen et al. 1996), suggest that 5-HT7 receptors have minimal influence on the 

present data.  

 

In addition, increasing evidence indicates that many g protein-coupled receptors exist as 

oligomers that can display distinct receptor pharmacology from their monomeric 

counterparts (George et al. 2002). Very little is known about the propensity for 5-HT1A 

receptors to oligomerize but existing data suggests it is possible (Paila et al. 2011; Woehler 

et al. 2009). No study to date, however, indicates whether oligomerization alters 5-HT1A 

receptor pharmacology. Nevertheless, it remains possible that ligand binding is not 

indicative of a 1:1 ligand-receptor relationship.  

 

5-HT1A receptor gene expression 

An increase in 5-HT1A receptor gene expression parallel to changes in receptor density was 

not observed. These data support similar findings by Nevo et al. (1995) who found no 

difference in 5-HT1A receptor gene expression following chronic ethanol despite altered 

receptor density. Similarly, Kinoshita et al. (2003) did not observe a difference in CA1 5-

HT1A receptor mRNA levels, but did report a significant decrease in 5-HT1A receptor gene 

expression in both CA3 and DG in rats following five days of intragastric ethanol exposure. 

Again, experimental methods may contribute to these contradictory findings.  

 

Nevertheless, dissociation between protein and gene expression is not uncommon (Gry et 

al. 2009; Guo et al. 2008). Moreover, regulation of 5-HT1A receptor gene expression is 

complex, is regulated by numerous transcription factors (Albert et al. 2011), and the effect of 

chronic ethanol on these transcription factors remains unknown. Importantly, stress and 

depression have both been associated with differential control of regulators of 5-HT1A 
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receptor transcription (Szewczyk et al. 2009; Iyo et al. 2009) suggesting that similar 

alterations are plausible following chronic ethanol.  

 

DG granule cells and CA1 pyramidal neurons are the primary sites of 5-HT1A receptor 

localization in the hippocampus, however, a small population of 5-HT1A receptors have been 

reported on hippocampal interneurons (Aznar et al. 2003; Azmitia et al. 1996) and 

astrocytes (Azmitia et al. 1996). Therefore, the possibility remains that these cell types 

contribute to the observed changes in 5-HT1A receptor density. Indeed, in the rodent, 

interneurons expressing 5-HT1A receptors are reportedly localized to the DGpol (Aznar et al. 

2003), where we observed the most pronounced effects. Whether primate DGpol 

interneurons similarly express 5-HT1A receptors is unknown. Given the considerable 

differences in 5-HT1A receptor distribution between rodents and primates (Duncan et al. 

1998) this possibility should be considered cautiously. Alternatively, DGpol 5-HT1A receptors 

may be localized to basal dendrites of granule cells, present only in primates (Seress & 

Mrzljak 1987), as they are on granule cell apical dendrites. Nevertheless, since 5-HT1A 

receptor mRNA expression was not measured in interneurons, it is still possible that these 

cells contribute to the discordance between receptor density and gene expression.  

 

In addition, to the factors considered above, the lack of agreement between receptor density 

and mRNA expression may also be attributable to decreased receptor turnover, increased 

receptor recycling, or the spatial disparity between protein localization and mRNA 

production. Additional work is necessary to determine the role that each of these factors 

plays in chronic ethanol-induced upregulation of hippocampal 5-HT1A receptor density. 

 

5-HT1A receptor trafficking 
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Yif1B was recently shown to interact directly with the 5-HT1A receptor to enable trafficking of 

the receptor from the Golgi apparatus to neuronal dendrites (Carrel et al. 2008). The present 

study demonstrates increased Yif1B gene expression in posterior but not intermediate CA1 

pyramidal neurons of ethanol drinkers only, like the upregulation of 5-HT1A receptor density 

observed following chronic ethanol self-administration suggesting that increased receptor 

trafficking may be responsible for some of the observed changes in receptor density. There 

was, however, no correlation between Yif1B gene expression and 5-HT1A receptor density. 

While very little is known about Yif1B, it is unlikely that it is specific to the 5-HT1A receptor. In 

addition, up to six isoforms of Yif1B have been sequenced to date and the functional 

differences of each of these isoforms, their distribution, and interaction with the 5-HT1A 

receptor are currently unknown.  

 

Conclusions 

The present study provides clear evidence that chronic ethanol self-administration 

upregulates hippocampal 5-HT1A receptors in primates in a layer, subregion and level 

specific manner. These data make a unique contribution to the existing literature due to the 

sophisticated and comprehensive anatomical methods used. In addition, the model 

employed accurately reflects human drinking, the duration of ethanol exposure far exceeds 

other animal studies, and the results are uncomplicated by factors that typically confound 

human research.  

 

Alterations in 5-HT1A receptor density are likely to have significant functional consequences. 

Altered 5-HT1A-mediated inhibitory modulation of the mossy fiber projection from DG granule 

cells to CA3 via upregulation of 5-HT1A receptors in the DGpol is likely to have a pervasive 

effect on signaling throughout the rest of the hippocampal microcircuitry. Likewise, given the 

essential role of the CA1 region in hippocampal LTP and subsequent memory formation 
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(Lisman et al. 2012), upregulation of CA1 5-HT1A receptors is expected to have significant 

functional consequences at both cellular and behavioral levels.  

 

The mechanism(s) behind chronic ethanol-induced changes in hippocampal 5-HT1A receptor 

density are not well understood. Data from the present study suggest that receptor 

trafficking may play a more prominent role than changes in gene expression. It is clear, 

however, that hippocampal 5-HT1A receptor density is regulated in a complex fashion. 

Additional research examining the effects of chronic ethanol on transcriptional regulators of 

the 5-HT1A receptor and 5-HT1A trafficking proteins will be necessary to better understand 

the effects of ethanol on this system. Doing so may aid in identifying more effective drug 

targets for the treatment of alcohol dependence.  
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SUMMARY & CONCLUSIONS 
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4.1. Summary of findings 

The two primary aims of this dissertation are to improve our understanding of the effects of 

chronic ethanol self-administration on hippocampal SERTs and 5-HT1A receptors. Our key 

findings include:  

 

1. Chronic ethanol self-administration is associated with decreased hippocampal SERTs, 

most prominently in the dentate gyrus molecular layer at both intermediate and posterior 

levels (Chapter Two).  

 
2. Chronic ethanol self-administration is associated with region, layer and level specific 

upregulation of 5-HT1A receptor density (Chapter Three).  

 
a. Within the posterior pyramidal cell layer and stratum radiatum of CA1 and the 

dentate gyrus polymorphic layer the effect appears to be due to an upregulation 

of functionally coupled receptors.  

b. Within the intermediate and posterior dentate gyrus molecular layer and the 

intermediate polymorphic layer the 5-HT1A receptor upregulation appears to be 

due to an increase in uncoupled, inactive receptors that are perhaps primed for 

insertion into the membrane.  

 
3. The effect of chronic ethanol self-administration on hippocampal 5-HT1A receptors does 

not appear to be due to an alteration in 5-HT1A receptor mRNA expression in CA1 

pyramidal neurons or dentate gyrus granule cells (Chapter Three).  

 
4. Increased receptor trafficking may, however, play a role in 5-HT1A receptor upregulation 

in posterior CA1 since data from presented here suggest an ethanol-induced 

upregulation of the 5-HT1A trafficking protein, Yif1B (Chapter Three).  
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5. The chronic ethanol-induced changes in hippocampal SERT and 5-HT1A receptor 

densities, are, for the most part, not quantitatively correlated to the amount of ethanol 

consumed or the resulting blood ethanol concentration, per se (Chapter Two; Appendix 

I).  

 
6. The chronic ethanol-induced changes in hippocampal SERT and 5-HT1A receptor 

densities are not facilitated by mechanisms of glucocorticoid regulated SERT and 5-HT1A 

receptor expression (Appendix II).   

 
7. In addition to the ethanol-induced changes in hippocampal SERTs and 5-HT1A receptors, 

data presented here provide new information on the normal rostrocaudal and 

hemispheric distribution of these two constituents of the serotonin system.  

 
a. Hippocampal SERT density is not different between intermediate and posterior 

levels in healthy controls (Chapter Two).  

b. A clear rostrocaudal difference in 5-HT1A receptor density was observed in the 

stratum radiatum and pyramidal cell layer of CA1, with greater density in the 

posterior hippocampaus in both healthy controls and ethanol drinkers (Chapter 

Three). 

c. Neither hippocampal SERT nor 5-HT1A receptor density exhibits asymmetry 

between hemispheres in normal healthy controls. Instead, SERT and 5-HT1A 

receptor density are virtually identical between right and left hippocampi 

(Appendix III). 

 

4.2. The current data stands to benefit from additional supporting research 

Before considering the implications of the data presented here, several important limitations 

should be addressed. First, in Chapter Two we hypothesized that the lower hippocampal 



152 

SERT density observed in ethanol drinkers is indicative of decreased serotonin fiber density. 

This proposal is based largely on a series of studies indicating that chronic alcohol 

consumption produces a decrease in extracellular serotonin (Pscheidt et al., 1961; Frankel 

et al., 1974; Banki, 1981; Branchey et al., 1981; Borg et al., 1985), postmortem data in 

alcoholics indicating serotonin neuron loss (Halliday et al., 1993), and recent work 

demonstrating the reliability of SERT density as a measure of serotonin fiber density 

(Nielsen et al., 2006). Furthermore, Thielen et al. (2004) report lower extracellular serotonin 

levels in the nucleus accumbens following eight weeks of ethanol self-administration in 

female alcohol-preferring (P) rats using in vivo microdialysis, which is a more precise 

indicator of serotonin release. Equivalent measurements in the hippocampal formation, 

however, have not been reported. 

 

It should be noted, however, that some studies have reported no change or increases in 

serotonin levels following chronic ethanol exposure (Griffiths et al., 1974; Pohorecky et al., 

1978; Blagova et al., 1982). In fact, a recent study using using rhesus monkeys reported no 

change in hippocampal serotonin or 5-HIAA content following 12 months of ethanol self-

administration (Huggins et al., 2012). Tissue content measures, however, are thought to be 

more indicative of relatively constant stores of neurotransmitter rather than the dynamics of 

cellular communication (Finlay and Smith, 1995).  

 

Similar contradictory results also exist with regard to the effect of chronic ethanol on 

serotonin fiber density (Baker et al., 1996; Underwood et al., 2007). No study, however, has 

directly examined serotonergic innervation of the hippocampal formation following chronic 

ethanol self-administration using immunohistochemistry. These data will, of course, be 

necessary to confirm our current hypothesis.  
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Similarly, while the SERT density may be an accurate indicator of at least some serotonin 

fibers, recent work in rats reports differences in SERT expression between MRN and DRN 

serotonin fiber types, suggesting that SERT density is only indicative of serotonin fibers 

originating in the DRN (Brown and Molliver, 2000). If this is in fact the case in primates, the 

present data cannot speak to the effects of chronic ethanol self-administration on serotonin 

fibers originating in the MRN. Importantly, the hippocampal formation is one of the few 

forebrain structures innervated by both ascending serotonin fiber types. MRN fibers, 

however, predominate in the posterior hippocampus in rodents (Gage and Thompson, 1980; 

Molliver, 1987).  

 

In Chapter Three we interpreted binding using the 5-HT1A antagonist, [3H]MPPF, as being 

indicative of both coupled and uncoupled receptor populations while binding using the 5-

HT1A agonist, [3H]8-OH-DPAT, is indicative of only those receptors that are functionally 

coupled to g proteins. While this experimental approach has been considered in previous 

studies (Nevo et al., 1995; Stockmeier et al., 2009), the current interpretation relies on the 

assumption that the affinity of the receptor for each ligand is the same in both control and 

ethanol drinking groups. It is possible, however, that chronic ethanol self-administration 

alters not only receptor density but also receptor affinity. Thus, the findings we report here 

would be aided by additional data measuring receptor affinity. These binding studies were 

not performed in the current study due to limited tissue availability.  

 

In Chapter Three we also hypothesized that an upregulation of functionally coupled 5-HT1A 

receptors in various subregions and layers of the hippocampal formation would result in 

greater 5-HT1A receptor activity. Additional data is needed, however, to confirm this 

hypothesis. While changes in coupled receptor density certainly have greater functional 

implications than changes in uncoupled receptor density, the present data set provides no 
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actual information on 5-HT1A receptor function per se. In vitro receptor autoradiography is a 

useful tool for examining changes in the neuroanatomical localization and density of 

receptors but data collected using this technique do not provide information on the affinity of 

the ligand for the receptor, which may be altered as a result of chronic ethanol self-

administration. These data can be obtained through scatchard analyses, but unfortunately, 

tissue limitations prevented us from performing these studies. Similarly, while g protein 

coupling suggests greater receptor signaling, the data collected in the present study cannot 

speak to the affinity of or specificity with which hippocampal 5-HT1A receptors couple to their 

g proteins. These data are critical for our understanding of alterations in receptor signaling 

since 5-HT1A receptors exhibit differential coupling to various inhibitory g proteins and as a 

result can preferentially activate distinct signal transduction cascades (Barnes and Sharp, 

1999). It is certainly possible, and perhaps probable, that chronic ethanol self-administration 

alters not only receptor density but also receptor function and thus, studies aimed at 

investigating this possibility using techniques like GTPγS, for example, are critical to our 

complete understanding of ethanol’s effects on this system. Nevertheless, measuring 

changes in the density and neuroanatomical distribution of receptors is a necessary and 

informative first level of analysis.  

 

In addition to the need for supporting functional data, our hypothesis that greater coupled 5-

HT1A receptor density results in greater 5-HT1A receptor mediated inhibitory modulation of 

excitatory neurotransmission relies on the assumption that the upregulation of 5-HT1A 

receptors in response to a chronic ethanol-induced decreases in extracellular serotonin 

produces greater 5-HT1A receptor activity than would be observed under normal conditions. 

It is possible, however, that the proposed compensatory response is not complete or that it 

returns the level of 5-HT1A receptor mediated inhibitory modulation of the hippocampal 

circuit to normal levels. In this scenario, lower serotonin concentration coupled with higher 5-
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HT1A receptor density would produce inhibitory modulation of the circuit equivalent to the 

level observed under ethanol-naïve conditions. Alternatively, the compensatory response 

may not be effective enough to bring the system back to homeostatic levels. In this scenario, 

5-HT1A receptor mediated inhibitory modulation of the hippocampal circuit would be lower 

than that which is observed under normal conditions despite greater receptor density. Thus, 

the true effect of chronic ethanol-induced upregulation of 5-HT1A receptor density observed 

in the present study cannot be confirmed without additional data addressing 5-HT1A receptor 

mediated alterations in hippocampal neurotransmission. In fact, the only study to investigate 

the consequences of chronic ethanol on 5-HT1A receptor mediated hippocampal signaling 

suggests that 5-HT1A receptor activity in CA1 pyramidal neurons remains relatively 

unchanged following 12 days of liquid ethanol diet (Lau and Frye, 1996). It should be noted, 

however, that similar rodent models of chronic ethanol exposure have not resulted in greater 

5-HT1A receptor density like we report in Chapter Three, suggesting that the effects of 

chronic ethanol on hippocampal 5-HT1A receptors may be different across species or 

ethanol exposure paradigms.  

 

Finally, the present data represent a snapshot in time following 18 months of ethanol self-

administration. In addition, because of the between rather than within subject design, the 

potential contribution of the basal state of the brain cannot be measured. This is an 

important factor considering the substantial amount of data suggesting that basal 

serotonergic dysfunction may contribute to the propensity to drink. Indeed, studies using 

genetically inbred strains of alcohol-preferring and nonpreferring rats have reported altered 

serotonin and 5-HIAA content, serotonin fiber density, and 5-HT1A receptor density (Murphy 

et al., 1982; Gongwer et al., 1989; Zhou et al., 1991, 1994; McBride et al., 1994). Non-

dependent family history positive individuals, who are at greater risk for developing alcohol 
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use disorders, exhibit similar serotonergic dysfunction compared to family history negative 

individuals (Rosenthal et al., 1980; Linnoila et al., 1989).  

 

Based on these data, more recent work has focused on the influence of serotonin-related 

genetic polymorphisms that may contribute to risk for alcohol dependence, symptom 

severity and propensity for relapse.  While the literature is largely contradictory, a recent 

meta-analysis indicates that carriers of the 5-HTTLPR S allele, which confers lower SERT 

density and activity, are more likely to carry a diagnosis of alcohol dependence than non-S 

allele carriers (McHugh et al., 2010). Our understanding of polymorphisms expressed in the 

5-HT1A receptor gene is still in its infancy, although, recent work has suggested that 

expression of the G allele in a single nucleotide polymorphism in the gene’s promoter 

region, which results in increased receptor expression, is also associated with alcohol 

dependence (Lee et al., 2009). 

 

Cynomolgus macaques, like the ones used in the studies presented here, do not express 

the 5-HTTLPR (Miller-Butterworth et al., 2007). Furthermore, variability in the promoter 

region of the 5-HT1A receptor gene has not yet been characterized in macaques. 

Nevertheless, it cannot be concluded from the present data whether the serotonergic 

alterations reported in Chapters Two and Three predated or resulted from chronic ethanol 

consumption. Still, it should be noted that all of the monkeys in these studies were randomly 

assigned to drinking and control groups so there is no reason to expect that drinkers, as a 

group, would exhibit significantly fewer hippocampal SERTs and greater 5-HT1A receptors 

than controls before they began self-administering ethanol. In addition, in Chapter Two we 

showed that SERT densities did not correlate with measures of consumption or BECs 

challenging the idea that lower basal SERT density increases the propensity to drink. While 

the data we reported in Appendix I indicated that 5-HT1A receptor density in select layers of 
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posterior CA1 correlated positively with six and 12 month BECs, the vast majority of the 

ethanol-induced changes in 5-HT1A receptors were not related to drinking measures. 

Furthermore, the relatively small degree with which the measures that did correlate are 

related suggests that any contribution basal 5-HT1A receptor density makes to the propensity 

to drink is relatively minimal.  

 

4.3. Possible functional implications of the current findings 

The data we present here are indicative of the consequences of chronic ethanol self-

administration and as such, it is difficult to surmise how these changes may affect the 

course of heavy ethanol consumption. Nevertheless, bearing in mind the caveats addressed 

above, we can speculate on the potential functional implications of the findings we report.  

 

In Chapter Two we hypothesized that lower hippocampal SERT density reflects decreased 

serotonin fiber density. It is possible, however, that this effect could instead be a 

compensatory response to the decreased extracellular serotonin levels associated with 

chronic ethanol exposure. Extracellular serotonin concentrations do not appear to rebound 

during chronic drinking, however, and reportedly remains low during withdrawal (Kahn and 

Scudder, 1976; Blagova et al., 1982; Kempf et al., 1990), suggesting that if SERT density 

does decrease in response to low serotonin levels, this effect is unable to fully compensate 

and bring the brain back to homeostatic levels.  

 

In contrast, our proposal that lower SERT density reflects decreased serotonin fiber density 

is consistent with the current literature since fewer serotonin fibers would result in lowered 

extracellular serotonin concentrations, and because the fibers are gone, there would be no 

recovery of serotonin levels once drinking ceases. Indeed, previous work has shown that 

long periods of heavy alcohol consumption can cause serotonin fiber degeneration in 



158 

alcoholics (Halliday et al., 1993), although, not all studies are in agreement (Baker et al., 

1996; Underwood et al., 2007) and no study to date has quantitatively examined 

serotonergic innervation of limbic brain regions following chronic ethanol self-administration. 

Still, it is well known that DRN originating serotonin fibers are particularly vulnerable to other 

neurotoxins including drugs of abuse like stimulants (Molliver et al., 1990; Brown and 

Molliver, 2000). Interestingly, studies have shown that this effect is mediated by the SERT, 

which is localized to DRN but not MRN serotonin fibers (Brown and Molliver, 2000).  

 

Because SERTs are differentially expressed on serotonin fiber subtypes, the measurements 

described in Chapter Two are indicative only of changes in the DRN innervation of the 

hippocampal formation, and the effect of chronic ethanol on MRN projections, which 

predominate in this brain region, remains unknown. Nevertheless, the density of binding in 

our studies suggest that the DRN innervation is not insignificant, and a decrease in fibers 

originating in the DRN could very well result in considerable functional consequences.  

 

The fine axons of DRN serotonin neurons generally do not form conventional synapses with 

postsynaptic neurons but instead are thought to exert their effects through paracrine release 

of serotonin into the extracellular space (Hornung, 2010). In contrast to a conventional 

synapse where neurotransmitter release affects a single postsynaptic target, paracrine 

serotonin release has the ability to affect any serotonin receptor containing cells within the 

diffusion radius of serotonin. As a result, their absence has the potential to produce 

widespread effects on multiple cell types. In general, however, a reduction of serotonin 

fibers in the dentate gyrus molecular layer and the stratum lacunosum moleculare of CA1 is 

likely to result in differential modulation of the multisensory information that enters the 

hippocampus via the entorhinal cortex since fibers from layers II and III of the entorhinal 

cortex terminate in both of these hippocampal layers.  
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The potential for SERT-mediated chronic ethanol-induced serotonin fiber degeneration has 

not been investigated directly, but alcoholics homozygous for the long allele (L) of the 5-

HTTLPR appear to be more vulnerable to ethanol-induced serotonergic deficits than carriers 

of the short allele (S) (Little et al., 1998; Heinz et al., 2000, 2004). Furthermore, SERT 

uptake and density reportedly negatively correlates with number of years spent drinking in 

L/L carrying alcoholics only (Johnson et al., 2008) suggesting that a greater number of 

SERTs may indeed play a role in the serotonergic deficits observed following chronic 

alcohol consumption and may even contribute to continued drinking.  

 

Lowered serotonin levels resulting from serotonergic fiber degeneration may perpetuate 

continued drinking because low extracellular serotonin concentrations are associated with 

greater ethanol preference, seeking and intake (Myers and Veale, 1968; Richardson and 

Novakovski, 1978). Furthermore, in vivo microdialysis studies in primates have shown that 

DRN serotonin neuron firing is associated with the time scale of reward (Miyazaki et al., 

2011) and low serotonin levels have been associated with greater impulsive behavior (i.e., 

reduced willingness to wait for reward) (Miyazaki et al., 2012). While the specific role that 

decreased serotonin fiber density in the hippocampal formation plays in continued drinking 

is unclear, it is possible that a heavy drinker may continue to drink in an attempt to facilitate 

an increase in extracellular serotonin like that which is observed following acute ethanol, but 

becomes increasingly unable to do so because of continued serotonin fiber degeneration. In 

turn, the reduced serotonin level produced by decreased fiber density facilitates ethanol 

intake. This suggests that a self-reinforcing cycle based on low serotonin may contribute to 

the compulsive drinking characteristic of addiction.  
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SERT-mediated chronic ethanol-induced serotonin fiber degeneration may also influence 

the ability of SSRIs to effectively treat alcohol dependence. While these drugs may 

effectively target the SERT, normal basal serotonin levels may not be achievable as a result 

of fewer SERTs and serotonin fiber loss. Of note, SSRIs are reportedly less efficacious in 

reducing number of drinking days and duration of abstinence in Type B alcoholics who are 

characterized by premorbid serotonergic deficiencies (Pettinati et al., 2000). Indeed, 

evidence suggests that the lower SERT density observed in this alcoholic subgroup may 

predate drinking (Storvik et al., 2008; Leggio and Addolorato, 2008). Again, whether 

serotonin deficiencies in the hippocampal formation play a direct role in this scenario 

requires further investigation.  

 

With the exception of 5-HT1D and 5-HT2B receptors, all known serotonin receptor subtypes 

have been localized to the hippocampal formation (Barnes and Sharp, 1999). Thus, the 

effects of reduced serotonergic innervation to the hippocampal formation following chronic 

ethanol self-administration are likely to be profound and would include altered activation of 

multiple serotonin receptor subtypes, each of which produces different effects on different 

cell types, including principle cells, interneurons and even glia (Barnes and Sharp, 1999). 

Despite the broad array of serotonin receptor subtypes, the inhibitory 5-HT1A heteroreceptor 

is the most abundant serotonin receptor in this region and its localization overlaps with the 

serotonergic innervation of the hippocampus and the localization of hippocampal SERTs 

(Wilson and Molliver, 1991; Varnas et al., 2004).  

 

Data from Chapter Three showed that chronic ethanol resulted in an upregulation of 

hippocampal 5-HT1A receptor density, a result we expected given the decrease in 

extracellular serotonin known to occur following chronic ethanol and partially confirmed by 

the lower SERT density reported in Chapter Two. Unlike the ethanol-induced changes in 
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hippocampal SERT density, however, the changes in 5-HT1A receptor density were 

subregion, layer and level specific. Interestingly, the effects of chronic ethanol on 

hippocampal 5-HT1A receptors were localized to the posterior hippocampal formation only, 

while 5-HT1A receptor density in the intermediate hippocampus remained relatively 

unchanged. The most prominent effects of ethanol-induced 5-HT1A receptor upregulation 

were observed in the posterior dentate gyrus polymorphic layer and the stratum radiatum 

and stratum lacunosum moleculare of posterior CA1 where chronic ethanol self-

administration produced an increase in functionally coupled 5-HT1A receptors.  

 

5-HT1A heteroreceptors in the hippocampus are primarily localized to the dendrites and axon 

hillocks of CA1/2 pyramidal neurons and dentate gyrus granule cells where they exert 

inhibitory control over excitatory neurotransmission (Azmitia et al., 1996). An increase in 

functionally coupled 5-HT1A receptors in the polymorphic layer of the dentate gyrus is a 

somewhat puzzling finding given their primary subcellular localization and our understanding 

of granule cell morphology. In rodents, the granule cell dendritic arborizations, where 5-HT1A 

receptors have been found, are typically observed extending into the molecular layer, 

whereas the polymorphic layer is characterized by various interneurons that project back 

onto granule cell dendrites in the molecular layer and the granule cell mossy fibers that pass 

through this layer to terminate on CA3 pyramidal neurons in the stratum lucidem (Amaral 

and Lavenex, 2007).  

 

What cells, then, are being modulated by the increased 5-HT1A receptors in the polymorphic 

layer following chronic ethanol self-administration? Two possibilities exist. First, 5-HT1A 

receptors may be upregulated in polymorphic layer interneurons, the most prominent of 

which are the glutamatergic mossy cells. Indeed, a small population of 5-HT1A receptor-

expressing interneurons have been characterized in the rodent dentate gyrus polymorphic 
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layer (Aznar et al., 2003). This same localization is also thought to occur in primates, 

however, this is based on a single report identifying a single 5-HT1A positive hippocampal 

interneuron (Azmitia et al., 1996). Alternatively, 5-HT1A receptors in the dentate gyrus 

polymorphic layer may be localized to the basal dendrites of granule cells as they are on 

apical dendrites. Granule cell basal dendrites that arborize in the polymorphic layer are 

unique to primates (Seress and Mrzljak, 1987). Still, this possibility also requires further 

investigation because the receptors expressed on these dendrites have not been described. 

Whether dentate gyrus granule cell signaling is modulated indirectly through greater 

inhibition of excitatory feedback or directly by effects on the granule cells themselves, 

increased 5-HT1A receptor activity in the polymorphic layer as a result of upregulated 

functionally coupled receptors would result in an overall dampening of dentate gyrus granule 

cell excitation. Because the dentate gyrus is the major source of sensory input into the 

hippocampal formation and this information flows unidirectionally from the granule cell 

mossy fibers to CA3 pyramidal neurons and onward to other components of the circuit (see 

Figure 1.3 in Chapter One), altered mossy fiber signaling is likely to have a consequences 

not only at the mossy fiber-CA3 synapse but also on the remainder of the hippocampus’ 

unidirectional circuit.  

 

Upregulated 5-HT1A receptor density in the stratum radiatum and pyramidal cell layer of CA1 

is also likely to have pervasive effects on hippocampal signaling, in particular through 

greater inhibitory modulation of projections to the subiculum in response to input from CA3 

Schaffer collaterals that terminate in this region. Hippocampus-dependent learning and 

memory is facilitated through NMDA receptor mediated long-term potentiation (LTP) in CA1 

(Lisman et al., 2012) and 5-HT1A receptors in this region are thought to play an important 

modulatory role in this synaptic strengthening process. In fact, 5-HT1A receptor activation 

has been shown to inhibit LTP (Sakai and Tanaka, 1993; Tachibana et al., 2004) through 
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inhibition of calcium channels (Andrade et al., 1986) and CaMKII activity resulting in 

impaired performance in hippocampus-dependent learning and memory tasks (Moyano et 

al., 2004; Egashira et al., 2006).  Likewise, antagonism of the receptor results in increased 

CaMKII activity and AMPA receptor subunit expression (Schiapparelli et al., 2005), which is 

the primary molecular mechanism by which LTP occurs (Fink and Meyer, 2002). Similarly, 5-

HT1A antagonist administration reportedly prevents the learning deficit induced by AMPA 

receptor blockade (Schiapparelli et al., 2006) further demonstrating the relationship between 

5-HT1A activity and the molecular processes mediating memory formation. These data 

suggest that increased CA1 5-HT1A receptor activity as a result if chronic ethanol-induced 

upregulation would result in pronounced inhibition of hippocampal LTP and subsequent 

deficits in learning and memory. Whether activation of CA1 5-HT1A receptors is directly 

involved in the effect of chronic ethanol to decrease LTP production, however, has yet to be 

fully investigated.  

 

Nevertheless, this deficit in hippocampal LTP may be central to the mechanisms that 

facilitate the perseveration of alcohol seeking and consumption during addiction. Indeed, 

drug addiction can be thought of as a pathological hijacking of the neural circuitry involved in 

learning and memory (Hyman, 2005). This effect is thought to occur, at least in part, through 

the dopamine system’s role in novelty detection (Lisman and Grace, 2005). It has long been 

known that dopamine is released in concert with exposure to novel stimuli (Ljungberg et al., 

1992), however, more recent evidence suggests that this effect is actually mediated by cell 

firing in CA1 (Brankack et al., 1996; Legault and Wise, 2001). Increased CA1 output to the 

subiculum induces dopamine release through a feed forward multisynaptic connection to 

VTA dopaminergic neurons (Lisman & Grace 2005) (Figure 4.1.). Here, the proposed 

mechanism is one in which CA1 pyramidal neurons compare new sensory information about 

a stimulus through direct inputs from layer III of the entorhinal cortex with existing, stored 



164 

information provided through projections from CA3 (the Schaffer collaterals). Disagreement 

between these signals (i.e., the stimulus is not what was predicted) results in a novelty 

signal or excitatory response by CA1 neurons projecting to the subiculum. In contrast, 

agreement between the two signals would not result in cell firing. Activation of the novelty 

signal in CA1 in turn excites subicular pyramidal neurons resulting in disinhibition of VTA 

dopamine neurons through its projection to the ventral pallidum via the nucleus accumbens 

(Figure 4.1). The proposed effects of this system are not dissimilar to those proposed by the 

dopaminergic prediction-error hypothesis (Glimcher, 2011). Critically, however, in this model 

the novelty-induced dopamine release also feeds back onto the hippocampus facilitating 

LTP in CA1 (Lisman and Grace, 2005), thereby mediating learning in response to novel 

environmental stimuli.  

 

Repeated exposure to drugs of abuse, like alcohol, may result in the inability of this 

hippocampus-VTA loop to function normally. For example, a novelty signal is emitted during 

the first exposure to a drug resulting in an increase in dopamine release via excitation of 

CA1 pyramidal neurons. Under normal circumstances continued subsequent exposure to 

the same stimulus would fail to produce a novelty signal and thus, result in diminished 

dopamine release. Instead, however, drugs of abuse are known to persistently increase 

dopamine release for prolonged periods of time. Accordingly, this increased dopamine 

signal would be expected to further facilitate hippocampal LTP resulting in the “overlearning” 

of rewarding drug-associated behaviors helping to facilitate behavior directed toward drug 

seeking and self-administration.  

 

Consequently, following chronic ethanol consumption, which in the present study is 

expected to increase inhibitory modulation of CA1 pyramidal neurons due to an upregulation 

of 5-HT1A receptors, the novelty signal may become dysregulated due to loss of CA1 cell 
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firing and as such dopamine induced enhancement of LTP may not occur hindering the 

ability to learn new information and consolidate new memories to overcome the drug-

associated behaviors contributing to the motivational salience behind ethanol consumption. 

Similarly, disruption of this circuit may facilitate the inability of naturally reinforcing stimuli to 

achieve motivational salience further promoting drug taking.  
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Figure 4.1. The hippocampus-VTA loop responsible for learning about novel stimuli. (A) Under normal conditions new 
sensory information about a stimulus enters CA1 via projections from layer III of the entorhinal cortex. This information is 
compared with stored and recalled information through the dentate gyrus-CA3 connection and passed on to CA1 for 
comparison with the new information. Disagreement between the new and predicted information results in a “novelty signal” or 
cell firing in CA1. This signal induces dopamine release in the VTA through disinhibition of the ventral pallidum via inputs from 
the subiculum to the nucleus accumbens. In turn, dopaminergic cells from the VTA project back to CA1 and enhanced 
dopamine release following exposure to a novel stimulus facilitates LTP. This cellular process is thought to facilitate learning 
and memory of novel information. Alcohol use may hijack this system through its persistent ability to release dopamine. During 
initial or acute use (B), persistent and prolonged dopamine release enhances LTP production possibly contributing to 
overlearning of the rewarding properties of drug seeking and taking behavior. As alcohol use continues and becomes chronic 
(C), the dopamine signal continues to persist but LTP is diminished due to alcohol’s effects to inhibit CA1 cell firing – an effect 
that may be mediated by the increased 5-HT1A receptor density observed in the present study. In turn, reduced CA1 cell firing 
and LTP production results in dysregulation of the novelty signal. As a result, it becomes difficult to learn new information that 
may help to overcome continued drug seeking behavior. Adapted in part from Lisman and Grace, 2005.  
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This proposal suggests, in part, that hippocampal signaling is altered with increasing 

exposure to ethanol. One might therefore expect that greater intake or higher BECs would 

produce more prominent deficits, which may, in the case of the present study, translate into 

greater upregulation of CA1 5-HT1A receptors. While some discrete measures of 5-HT1A 

receptor density were significantly correlated with six and sometimes 12 month BECs, in 

general, greater ethanol consumption and BEC did not result in greater 5-HT1A receptor 

density. Notably, however, memory impairment in alcoholics correlates with number of 

drinking years, suggesting that duration of ethanol exposure is more predictive of the 

severity of ethanol-induced deficits in the hippocampus than the absolute quantity 

consumed (DeFranco et al., 1985; Riege, 1987). The fact that the monkeys in the present 

study did not vary in duration of ethanol exposure may explain the overall lack of 

relationship between the ethanol-induced changes observed and measures of intake and 

intoxication.  

 

4.4. Effects of chronic ethanol on processes upstream and downstream of the 

hippocampal 5-HT1A receptor 

In Chapter Three we report the first data in primates investigating the possible 

mechanism(s) behind chronic ethanol-induced alterations in hippocampal 5-HT1A receptor 

density. An in depth understanding of the processes by which chronic ethanol affects this 

system is critically important since these alterations may contribute to ongoing alcohol 

consumption or be related to ethanol-induced cognitive deficits, or both. Knowledge about 

how to prevent these changes from occurring could help identify more appropriate drug 

treatments for alcohol dependence.  

 

There are a variety of mechanisms by which a cell can alter receptor density, including 

changes in gene expression, trafficking, and the rate of receptor up- and downregulation. Of 
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these, a change in receptor gene expression parallel to the observed change in receptor 

density, is perhaps, the simplest explanation. Our first aim, therefore, was to investigate 

whether the ethanol-induced upregulation in 5-HT1A receptor density observed in the dentate 

gyrus and CA1 was also associated with an increase in gene expression. This, however, did 

not turn out to be the case. In Chapter Three we showed that changes in receptor density 

were not accounted for by changes in gene expression in either the dentate gyrus or CA1. 

While this may initially seem surprising, studies have repeatedly indicated that only a 

fraction of proteins correlate positively with their corresponding RNA (Guo et al., 2008; Gry 

et al., 2009). Still, as described in Chapter Three, the discordance between gene and 

receptor expression could be a result of restricting our gene expression measurements to 

the principle cells of the of the hippocampus. The current dispute over the precise cellular 

localization of hippocampal 5-HT1A receptors is primarily due to the lack of highly specific 

antibodies targeting the receptor. In light of this, measuring 5-HT1A receptor gene expression 

in hippocampal interneurons using the same laser capture methods used in the present 

study would not only aid the conclusions made here but also help put to rest the conflicting 

immunohistochemistry data present in the literature.  

 

Very little is known about the proteins associated with the 5-HT1A receptor aside from the g 

proteins known to initiate signal transduction upon receptor activation. While 

pharmacological studies have been instrumental in uncovering various signaling cascades 

that can be modulated by 5-HT1A receptor activity, our understanding of 5-HT1A receptor 

associated proteins is limited, again, at least in part due to the absence of highly specific 

antibodies that can target the receptor and facilitate co-immunoprecipitation studies. An 

appreciation of 5-HT1A receptor associated scaffold, anchoring and adaptor proteins is 

critical since they can play a significant role in receptor trafficking, membrane tethering, and 

downstream signaling (Pawson and Scott, 1997). Furthermore, how these proteins are 
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affected by environmental variables like chronic drinking is critical to understanding the 

mechanisms behind altered receptor function.  

 

Despite a general lack of knowledge on 5-HT1A receptor associated proteins, recent work 

has identified Yif1B, a homolog of the yeast Yif1p protein, as a scaffold protein that binds 

directly to the C terminus of the 5-HT1A receptor and facilitates its trafficking to distal portions 

of hippocampal neuron dendrites (Carrel et al., 2008). With this recent discovery in mind, we 

investigated the possibility that the chronic ethanol-induced upregulation in hippocampal 5-

HT1A receptor density we observed was a result of increased receptor trafficking. In Chapter 

Three we report no differences in Yif1B gene expression in dentate gyrus granule cells but 

greater expression in posterior than intermediate CA1 pyramidal neurons of ethanol 

drinkers. This suggests that increased receptor trafficking may play a role in chronic ethanol-

induced increases in receptor density in posterior CA1. This interpretation is limited, 

however, without accompanying protein data particularly given the findings outlined above 

regarding the frequent disagreement between gene and corresponding protein expression.  

 

Furthermore, in Chapter Three we reported that Yif1B gene expression was not significantly 

correlated with measures of 5-HT1A receptor density which might be expected if Yif1B was 

indeed responsible for the observed ethanol-induced changes in 5-HT1A receptor density. 

Not surprisingly, however, very little is known about Yif1B or its yeast homolog Yif1p. While 

it is clear that Yif1B exhibits some level of specificity since it does not interact with or affect 

trafficking of the 5-HT1B or 5-HT3 receptors (Carrel et al., 2008), it is unlikely that the 5-HT1A 

receptor is the only protein Yif1B is responsible for trafficking. Evidence for this is found in 

studies showing that this protein has been highly conserved throughout evolution from 

plants to insects to mammals (Shakoori et al., 2003). In addition, Yip1p is known to interact 

with various Rab proteins and Rab GTPases which are known to play a prominent role in 
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the trafficking of many g protein coupled receptors (Chen and Collins, 2005). Nevertheless, 

the findings we present here, while still somewhat preliminary, open the door to future 

investigations on the effects of chronic ethanol on Yif1B and the subsequent consequences 

they may have on receptor trafficking.  

 

Importantly, while 5-HT1A receptor signal transduction proteins were not investigated as part 

of the current set of studies, they share equally important potential as new drug targets for 

the treatment of alcohol dependence. If the modulation of 5-HT1A receptor actions can be 

beneficial for the treatment of dependence, then just as the molecules that regulate receptor 

density may be useful targets for medications, so too may constituents of 5-HT1A receptor 

signal transduction also be targets of interest. While an exhaustive review of the various 

signal transduction pathways modulated by the 5-HT1A receptor (see Figure 1.6., Chapter 

One) is not within the scope of this dissertation, it is worth noting that several proteins 

downstream of 5-HT1A receptor activation are thought to play a prominent role in the 

processes involved in drug addiction including CaMKII (Wang et al., 2010), ERK1/2 and 

MAPK (Schroeder et al., 2008), and CREB (Robison and Nestler, 2011). The role that 

hippocampal 5-HT1A receptors play in modulating these signal transduction pathways 

following chronic ethanol is worth exploring in future studies.  

 

4.5. The importance of the rostrocaudal axis in the interpretation of our findings 

The hippocampal formation has traditionally been subdivided into anterior and posterior 

regions along its rostrocaudal axis based on functional differences identified largely through 

lesion studies. For example, lesions of the posterior or dorsal hippocampus produce deficits 

in spatial and contextual memory (Moser et al., 1993), whereas lesions of the anterior or 

ventral hippocampus reduce anxiety-like behavior (Richmond et al., 1999; Kjelstrup et al., 

2002). In these studies, however, neither the boundaries between, nor the extent of the 
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anterior and posterior hippocampus were based on empirical data. More recent work 

indicates that the hippocampus can be divided into at least three distinct components: the 

anterior hippocampus, which plays a role in motivation and emotional processing; the 

intermediate hippocampus, which plays a role in the translation of spatial knowledge into 

motivation and action; and the posterior hippocampus, which plays a role in learning and 

memory (Fanselow and Dong, 2010).  

 

Of note, the chronic ethanol-induced upregulation of 5-HT1A receptor density we report was 

observed in the posterior but not the intermediate hippocampus lending further support to 

the possible role of this alteration in hippocampally mediated learning and memory, and to 

the hypothesis that the hippocampal formation is functionally divided along its rostrocaudal 

axis. In contrast, however, the effects of chronic ethanol to reduce SERT density were 

observed in both the intermediate and posterior hippocampal formation.  

 

If hippocampal 5-HT1A receptors are upregulated in response to decreased serotonin fiber 

density, as proposed in Chapter Two based on a decrease in SERT density, and this effect 

is seen at both intermediate and posterior levels, why then, aren’t 5-HT1A receptors 

upregulated similarly at both levels? There are numerous possible answers to this question, 

each of which can only be confirmed with additional data. One consideration, however, is 

that the present data set presumably does not account for the effects of chronic ethanol on 

MRN-originating serotonin fibers that innervate the posterior hippocampus more densely 

than the anterior (Gage and Thompson, 1980; Molliver, 1987). There are no data on the 

potential differential effects of ethanol on MRN versus DRN neurons. It is possible, however, 

that chronic ethanol also results in loss of MRN serotonin projections to the hippocampus, 

which would produce a particularly dramatic decrease in serotonin levels preferentially 

localized to the posterior portion of the structure. As such, serotonin release may not be 
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affected as severely in more anterior regions of the structure and consequently, 

hippocampal serotonin receptors, like the 5-HT1A receptor, may not need to respond 

correspondingly as they do in the posterior hippocampus.  

 

Given its roles in motivation and emotional processing, an important future direction for this 

work will be to investigate the same endpoints examined here in the anterior-most portion of 

the hippocampal formation. This is particularly important because hippocampal projections 

to the mesolimbic dopamine system arise most densely in the anterior hippocampus. In 

addition, 5-HT1A receptors in the anterior hippocampus in particular, are thought to play an 

important role in anxiety, which has been associated with alcohol seeking and the 

propensity for relapse (Kushner et al., 2000).  

 

What the current data make clear is that generalizations about the effects of chronic ethanol 

self-administration on the hippocampus as a whole are difficult to make from data collected 

at just one level along its rostrocaudal extent. Not only did ethanol produce differential 

effects on 5-HT1A receptor density along the rostrocaudal axis, but rostrocaudal differences 

were also observed in ethanol-naïve control animals. These findings make it clear that 

identification of the rostrocaudal location of hippocampal measurements is critical and that a 

comprehensive understanding of hippocampal neurochemistry requires the study of several 

points along its length. Importantly, it remains to be determined if the differences we 

observed here are part of a gradient of incremental changes, or if there are distinct 

compartments with relatively clear boundaries.  

 

In contrast to hippocampal 5-HT1A receptors, no rostrocaudal differences in SERT density 

were observed in either ethanol drinkers or controls. While chronic ethanol-induced 

reductions in SERT density in the anterior hippocampus still need to be confirmed, these 
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data are in general agreement with the current literature, which, by in large, indicates that 

chronic ethanol results in lower SERT density throughout the brain (Storvik et al., 2006, 

2007, 2008). It is noteworthy that in rats the anterior part of the hippocampus is more 

densely innervated by DRN-originating serotonin fibers than the posterior part (Gage and 

Thompson, 1980; Molliver, 1987). If the same is true in primates, a reduction of serotonergic 

innervation may have even more pronounced effects anteriorly than posteriorly.   

 

4.5. Strengths of the current data 

The data presented here make a unique and important contribution to the existing literature 

and, as a result, improve our understanding of the effects of chronic ethanol on the 

serotonin system within the hippocampal formation. Previous work aimed at understanding 

the interaction between the serotonin system and chronic ethanol has depended almost 

exclusively on rodents and humans. Like any animal study, rodent models are particularly 

useful because they eliminate many of the unavoidable variables that frequently confound 

human data including polydrug use, comorbid psychiatric diagnosis, and heterogeneous 

alcoholic populations (e.g., early vs late onset). Indeed, rodent models have served as the 

foundation for our current understanding of ethanol’s effects on serotonin, including pivotal 

work showing that chronic ethanol decreases extracellular serotonin levels and that low 

serotonin is associated with high ethanol preference and intake (Myers and Veale, 1968; 

Frankel et al., 1974; Richardson and Novakovski, 1978; Banki, 1981; Borg et al., 1985). 

These studies led researchers to investigate drugs targeting the serotonin system for the 

treatment of alcohol dependence. Unfortunately, promising results in rodent models have 

had little success in the clinic (Johnson, 2008).  

 

While rodent models have made important contributions to our basic understanding of the 

interaction between ethanol and serotonin, several factors may underlie the failure of 
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predicted clinical effects in humans. First and foremost, there are a number of important 

differences in the organization of the serotonin system between rodents and humans. While 

all of the ascending serotonergic fiber bundles observed in rodents are also present in 

primates, the distribution of serotonin fibers in terminal fields differs somewhat. In the 

hippocampus, for example, serotonergic innervation of the CA regions is less dense in 

primates than rodents (Azmitia and Gannon, 1986; Owashi et al., 2004).  

 

Additional differences have been noted in the distribution of the SERT and 5-HT1A receptor, 

the two primary targets of existing serotonergic drug treatments for alcohol dependence. 

Receptor binding studies have reported a relative absence of SERTs in discrete nuclei of 

the rodent hypothalamus in contrast to high SERT densities in the same nuclei in humans 

(Duncan et al., 1992). Similar distributional inconsistencies have been reported in the 

basolateral amygdala and CA regions of the hippocampal formation (Duncan et al., 1992; 

Owashi et al., 2004; Varnas et al., 2004).  

 

Likewise, within the hippocampal formation, 5-HT1A receptors are most abundant in CA1 in 

primates while rodents exhibit greater density in the dentate gyrus than CA1 (Duncan et al., 

1998). Similar differences exist between rodents and primates in 5-HT1A receptor distribution 

in the prefrontal cortex and raphe nuclei (Köhler et al., 1986; Duncan et al., 1998; de 

Almeida and Mengod, 2008). SSRIs and the 5-HT1A partial agonist, buspirone, which 

appeared promising for the treatment of alcohol dependence in rodent models, are likely to 

produce different effects on limbic brain regions in humans because of the differences in the 

distribution of SERTs and 5-HT1A receptors. This may explain some of the discrepancies 

reported between existing preclinical and clinical data. Importantly, the nonhuman primate 

model used in the present studies affords the same experimental control as the rodent 
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model but also more accurately reflects human brain organization, including serotonin fiber, 

transporter and receptor distribution.  

 

In addition to the translational advantage of the nonhuman primate model employed in the 

present study, the experiments described in the preceding chapters also made use of 

sophisticated molecular techniques and an anatomically comprehensive experimental 

design allowing for precise, localized measurements of the effects of chronic ethanol on 

hippocampal SERTs and 5-HT1A receptors. To date, only two alcohol studies have used a 

similar anatomical approach to measure hippocampal SERTs or 5-HT1A receptors (Gross-

Isseroff and Biegon, 1988; Dillon et al., 1991). Unfortunately, both of these studies were 

performed using the brains of individuals who, while having positive blood ethanol 

concentrations at the time of death, were not characterized for long-term drinking. As a 

result, the data reported in these studies are not necessarily reflective of the effects of 

chronic ethanol.  

 

Subsequent research in alcohol dependent individuals has been performed primarily using 

in vivo imaging techniques which are not able to achieve the resolution necessary to 

perform the subregion and layer specific analyses employed here. While the ability to 

perform such an anatomically comprehensive analysis exists in rodent studies, the 

functional subdivisions of the hippocampal formation have been largely overlooked so that 

only a few studies performed subregional analyses while the layers that make up those 

subregions have been ignored.  

 

Furthermore, no study has examined the hippocampal formation at more than one level 

along its rostrocaudal axis. In fact, the vast majority of experiments fail to even report at 

which level along the rostrocaudal axis the data they report have been collected, although it 
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is now becoming clear that the hippocampal formation is subdivided functionally, 

connectionally and by molecular differences along its length (Fanselow and Dong, 2010). 

Thus, analysis of the region as a whole may miss subregion, layer and level specific 

changes like those reported here. In addition, because the structure, connections and 

functional attributes of the hippocampal microcircuitry is well documented, an understanding 

of precise differences in the distribution of neuromodulatory proteins, like the SERT and 5-

HT1A receptor, allows for more insightful interpretations about how changes to this system 

may affect function.   

 

The effects of chronic ethanol on hippocampal 5-HT1A receptors have not been well studied 

so it should not be surprising that there is an even greater paucity of information on the 

mechanism(s) that mediate these changes. In fact, only one study has examined both 5-

HT1A receptor density and 5-HT1A receptor gene expression together (Nevo et al., 1995). 

Given the general ineffectiveness of 5-HT1A targeted drugs despite clear indications of this 

receptor’s involvement in ethanol preference and intake (Collins and Myers, 1987; Privette 

et al., 1988; Meert, 1993), a complete understanding of the mechanism(s) behind chronic 

ethanol-induced changes in 5-HT1A receptor density may lead to more appropriate drug 

targets for the treatment of alcohol dependence. The experiments described in Chapter 

Three are now the only other study to investigate the mechanisms that underlie changes in 

receptor density, and do so using the anatomically comprehensive approach described 

above and sophisticated techniques that allow for precise, cell type specific measurements 

of ethanol’s effects on hippocampal 5-HT1A receptors.  

 

A comprehensive understanding of the involvement of the serotonin system in alcohol 

dependence should aid in our discovery of drugs to treat this disease. This task will not be 

easy because there are at least 14 serotonin receptor subtypes, and one or more of them 
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are found in virtually every brain region and on every cell type. While the findings from the 

studies presented here open the door to more questions than they answer, they provide a 

foundation from which to continue research on the effects of chronic ethanol on this system. 

Likewise, the methodological approach used in the present studies demonstrates the 

importance of neuroanatomically discrete measurements and should serve as a model for 

future work of this kind.  
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Rationale 

The monkey model used in the present studies is advantageous for many reasons including 

the individual variation in ethanol consumption that is apparent during the 22 hour self-

administration portion of the drinking paradigm (Grant et al., 2008). This variation allows for 

the relationship between quantity consumed or blood ethanol concentration (BEC) during 

consumption and neurobiological endpoints to be investigated. Indeed, numerous studies 

have uncovered a significant relationship between quantity of ethanol consumed and 

various measures. For example, Adell & Myers (1995) observed a negative correlation 

between daily ethanol intake (g/kg) and levels of dopamine in the frontal cortex. Similarly, a 

negative relationship was noted between lifetime alcohol consumption and brainstem SERT 

levels in human alcoholics (Heinz et al., 1998). Some additional significant relationships 

have been noted in studies using the same model employed in the present set of studies 

(Acosta et al., 2010; Cuzon Carlson et al., 2011), though the number of significant 

correlations are small relative to the total number of potential correlations. No studies have 

examined the relationship between ethanol consumption or BEC and hippocampal 5-HT1A 

receptor density, gene expression or indicators of receptor trafficking. Understanding this 

relationship can help identify the potential mechanism behind such changes associated with 

chronic ethanol self-administration.  

 

Objective 

Investigate the relationship between measures of ethanol consumption and blood ethanol 

concentration and hippocampal 5-HT1A receptor density, gene expression and trafficking.  

  

Methods 
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Data reported in chapter three were correlated with measures of ethanol consumption and 

BECs during the 22 hour self-administration portion of the drinking paradigm. Prism 5 for 

Mac OS X (San Diego, CA) was used to perform linear regressions for each comparison.  

 

Results 

A significant positive correlation was observed between [3H]MPPF binding in the caudal 

CA1sr and both six and 12 month BECs (Table A1.1.). Drinking measures were not 

significantly correlated with [3H]MPPF binding in any other region measured. 

 

BECs at six months into the 12 month 22 hour self-administration portion of the drinking 

paradigm correlated significantly with [3H]8-OH-DPAT binding in the caudal CA1pcl, CA1sr 

and CA1slm. A similar trend was noted in the caudal CA1so and DGgcl. In addition, all 

measures of consumption correlated with [3H]8-OH-DPAT binding in the caudal DGmol 

(Table A1.2.).  

 

No significant correlations were observed between drinking measures and hippocampal 5-

HT1A receptor mRNA expression or Yif1B mRNA expression (Tables A1.3. & A1.4.)  

 

Discussion & Conclusions 

Subregion, layer and level specific significant positive correlations were observed between 

hippocampal 5-HT1A receptor density and individual measures of ethanol consumption or 

blood ethanol concentration. All significant findings were observed in the caudal 

hippocampal formation where the greatest effect of ethanol on 5-HT1A receptor density was 

also observed. One of the most prominent correlations was between [3H]8-OH-DPAT 

binding in the caudal CA1 and six month BECs. Interpretation of this particular finding is 

difficult since receptor density measures were taken considerably later in these animals’ 
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drinking histories and the same measures do not correlate significantly with 12 month BECs, 

although BECs and 6 and 12 months exhibit a significant positive correlation with each other 

(p=0.0003; data not shown). It is possible, however, that levels of intoxication early on in the 

drinking history produce lasting changes regardless of later levels intoxication or 

consumption patterns.  

 

While only lifetime ethanol consumption (mL) correlated significantly with [3H]8-OH-DPAT 

binding in the caudal DGmol, the fact that similar trends were observed between binding in 

this region and all other measures of ethanol consumption suggests that increasing levels of 

ethanol intake may contribute to a greater density of coupled 5-HT1A receptors in this region. 

Still, this effect is presumably quite subtle since no overall difference between controls and 

ethanol drinkers was observed in caudal DGmol (see Chapter Three). In addition, no 

correlative relationship was noted between these same drinking measures and [3H]MPPF 

binding in the caudal DGmol where a significant difference between controls and drinkers 

was reported (see Chapter Three).  

 

No correlations were observed between ethanol consumption or BECs and 5-HT1A receptor 

or Yif1B mRNA expression in any of the regions measured. This is not surprising, however, 

given the only marginal differences between controls and ethanol drinkers reported in 

chapter three.  

 

The seemingly random occurrences of the significant findings reported here make it difficult 

to draw any firm conclusions. Nevertheless, it appears that while increasing ethanol intake 

and BECs are not associated with widespread increases in hippocampal 5-HT1A receptors, 

levels of consumption and BEC may play a role in at least some of the changes reported in 

chapter three. The fact that no correlational relationship was observed between the majority 
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of measures analyzed suggests that the neurobiological adaptations observed may be 

reached at a lower level of ethanol intake than that which was observed in the present study 

where intake ranged from 1.16-4.20 g/kg (Grant et al., 2008). While numerous studies have 

reported a relationship between intake and various neurobiological endpoints (Adell and 

Myers, 1995; Heinz et al., 1998; Acosta et al., 2010; Cuzon Carlson et al., 2011), additional 

data suggests that chronicity of drinking may be a more accurate predictor of ethanol-

induced changes in the brain (Preuss et al., 2000; Berggren et al., 2002; Johnson et al., 

2008). Importantly, the monkeys in the present study had identical durations of drinking 

which may contribute to the general absence of a significant relationship between the 

measures reported here.   
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Table A1.1. Correlation coefficients (r2) for hippocampal [3H]MPPF binding (fmol/mg) 

and measures of ethanol consumption and blood ethanol concentration (BEC). 

Individual measures include lifetime intake as well as average intake and blood ethanol 

concentration at 6 months and 12 months into the 22 hour self-administration portion of the 

drinking paradigm. #p≤0.08; *p≤0.05; **p≤0.01; All significant findings are positive 

correlations. Abbreviations: DG-denate gyrus; CA1-cornu ammonis 1; mol-molecular layer; 

gcl-granule cell layer; pol-polymorphic layer; so-stratum oriens; pcl-pyramidal cell layer; sr-

stratum radiatum; slm-stratum lacunosum moleculare; mid-midrostrocaudal; caud-caudal. 

 

Region 
Lifetime 

EtOH 
(mL) 

Lifetime 
EtOH 
(g/kg) 

6 mo ave 
daily intake 

(g/kg) 

12 mo ave 
daily intake 

(g/kg) 

6 mo ave 
BEC 

(mg/dL) 

12 mo ave 
BEC 

(mg/dL) 
CA1so mid 0.1770 0.1289 0.2002 0.1328 0.2307 0.1740 
CA1so caud 0.0079 0.0004 0.0129 0.0010 0.2693 0.1002 
CA1pcl mid 0.0454 0.0171 0.0415 0.0183 0.1561 0.0460 
CA1pcl caud 0.0593 0.0219 0.0589 0.0253 0.3213 0.1306 
CA1sr mid 0.0639 0.0363 0.0597 0.0376 0.2241 0.1054 
CA1sr caud 0.3696# 0.2679 0.3524 0.2800 0.6754** 0.4755* 
CA1slm mid 0.0886 0.0360 0.0727 0.0409 0.2832 0.1575 
CA1slm caud 0.0946 0.0493 0.0907 0.0569 0.388# 0.2491 
DGmol mid 0.0227 0.0070 0.0304 0.0066 0.0090 0.0183 
DGmol caud 0.0913 0.0539 0.0765 0.0567 0.0257 0.0011 
DGgcl mid 0.1474 0.0960 0.1178 0.0937 0.0701 0.0054 
DGgcl caud 0.1862 0.1020 0.1082 0.1107 0.3188 0.1881 
DGpol mid 0.0967 0.0596 0.0916 0.0579 0.1364 0.0212 
DGpol caud 0.0102 0.0013 0.0005 0.0015 0.0028 0.0011 
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Table A1.2. Correlation coefficients (r2) for hippocampal [3H]8-OH-DPAT binding 

(fmol/mg) and measures of ethanol consumption and blood ethanol concentration 

(BEC). Individual measures include lifetime intake as well as average intake and blood 

ethanol concentration at 6 months and 12 months into the 22 hour self-administration 

portion of the drinking paradigm. #p≤0.08; *p≤0.05; **p≤0.01; All significant findings are 

positive correlations. Abbreviations: DG-denate gyrus; CA1-cornu ammonis 1; mol-

molecular layer; gcl-granule cell layer; pol-polymorphic layer; so-stratum oriens; pcl-

pyramidal cell layer; sr-stratum radiatum; slm-stratum lacunosum moleculare; mid-

midrostrocaudal; caud-caudal. 

 

Region 
Lifetime 

EtOH 
(mL) 

Lifetime 
EtOH 
(g/kg) 

6 mo ave 
daily intake 

(g/kg) 

12 mo ave 
daily intake 

(g/kg) 

6 mo ave 
BEC 

(mg/dL) 

12 mo ave 
BEC 

(mg/dL) 
CA1so mid 0.0001 0.0002 0.0023 0.0004 0.0118 0.0146 
CA1so caud 0.1726 0.1310 0.1994 0.1316 0.3953# 0.1884 
CA1pcl mid 0.0145 0.0005 0.0024 0.0001 0.1497 0.0196 
CA1pcl caud 0.1733 0.1144 0.1774 0.1196 0.5711* 0.3167 
CA1sr mid 0.0595 0.0162 0.0205 0.0191 0.1709 0.0549 
CA1sr caud 0.2900 0.2043 0.3019 0.2123 0.6695** 0.4204# 
CA1slm mid 0.0035 0.0246 0.0093 0.0201 0.1686 0.0648 
CA1slm caud 0.3939# 0.3387 0.4073# 0.3457 0.7409** 0.5708* 
DGmol mid 0.0002 0.0000 0.0000 0.0000 0.0286 0.0618 
DGmol caud 0.4973* 0.3686# 0.4316# 0.3742# 0.2789 0.1608 
DGgcl mid 0.0422 0.0491 0.0454 0.0515 0.1873 0.2791 
DGgcl caud 0.1931 0.1399 0.1367 0.1458 0.4247# 0.2942 
DGpol mid 0.0002 0.0012 0.0040 0.0012 0.0058 0.0223 
DGpol caud 0.2484 0.2901 0.1927 0.2764 0.0887 0.1201 
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Table A1.3. Correlation coefficients (r2) for hippocampal 5-HT1A receptor mRNA 

expression (% control) and measures of ethanol consumption and blood ethanol 

concentration (BEC). Individual measures include lifetime intake as well as average intake 

and blood ethanol concentration at 6 months and 12 months into the 22 hour self-

administration portion of the drinking paradigm. #p≤0.08; *p≤0.05; **p≤0.01. Abbreviations: 

DG-denate gyrus; CA1-cornu ammonis 1; mid-midrostrocaudal; caud-caudal. 

 

Region 
Lifetime 

EtOH 
(mL) 

Lifetime 
EtOH 
(g/kg) 

6 mo ave 
daily intake 

(g/kg) 

12 mo ave 
daily intake 

(g/kg) 

6 mo ave 
BEC 

(mg/dL) 

12 mo 
ave BEC 
(mg/dL) 

CA1 mid 0.0007 0.0020 0.0000 0.0014 0.0505 0.0019 
CA1 caud 0.1879 0.1710 0.2127 0.1681 0.1106 0.0680 
DG mid 0.0241 0.0375 0.0576 0.0364 0.0105 0.0030 
DG caud 0.1448 0.1108 0.2082 0.1113 0.0299 0.0027 
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Table A1.4. Correlation coefficients (r2) for hippocampal Yif1B receptor mRNA 

expression (% control) and measures of ethanol consumption and blood ethanol 

concentration (BEC). Individual measures include lifetime intake as well as average intake 

and blood ethanol concentration at 6 months and 12 months into the 22 hour self-

administration portion of the drinking paradigm. #p≤0.08; *p≤0.05; **p≤0.01. Abbreviations: 

DG-denate gyrus; CA1-cornu ammonis 1; mid-midrostrocaudal; caud-caudal. 

 

Region 
Lifetime 

EtOH 
(mL) 

Lifetime 
EtOH 
(g/kg) 

6 mo ave 
daily intake 

(g/kg) 

12 mo ave 
daily intake 

(g/kg) 

6 mo ave 
BEC 

(mg/dL) 

12 mo 
ave BEC 
(mg/dL) 

CA1 mid 0.1442 0.1736 0.2351 0.1736 0.0166 0.0336 
CA1 caud 0.0000 0.0062 0.0207 0.0052 0.0861 0.0317 
DG mid 0.1307 0.0995 0.0559 0.0991 0.1160 0.0842 
DG caud 0.0016 0.0025 0.0420 0.0025 0.0030 0.0029 
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APPENDIX II 

 

CORTICOSTEROID MODULATION OF HIPPOCAMPAL SERT AND 5-HT1A RECEPTORS 
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Rationale 

Corticosteroids can negatively regulate 5-HT1A receptor transcription through 

mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) heterodimer activity at a 

negative glucocorticoid response element (nGRE) present in the promoter region of the 5-

HT1A receptor gene (Chalmers et al., 1993; Ou et al., 2001). This effect is reportedly cell 

type specific since corticosteroid-mediated 5-HT1A receptor gene expression has been 

observed in the hippocampal formation but not the raphe nuclei despite a relative 

abundance of 5-HT1A and corticosteroid receptors in both brain regions (Chalmers et al., 

1993; Meijer et al., 2000; Neumaier et al., 2000). Furthermore, within the hippocampal 

formation, glucocorticoid levels have been shown to alter 5-HT1A receptor transcription in a 

regionally specific manner (López et al., 1998).  

 

Chronic ethanol-induced alteration of corticosteroid-mediated regulation of hippocampal 5-

HT1A receptors is an important consideration given that chronic ethanol is known to produce 

alterations in HPA axis function (Wand and Dobs, 1991; Adinoff et al., 2003). In addition, 

recent work has reported that the SERT is also regulated by corticosteroid levels, although 

in a positive manner as opposed to the negative regulation observed with the 5-HT1A 

receptor. In fact, administration of dexamethasone, a synthetic corticosteroid with high 

affinity for the GR, reportedly increased SERT promoter activity, uptake capacity, and 

density (Glatz et al., 2003), although the exact mechanism behind these corticosteroid-

mediated changes is currently unknown.  

 

While the literature reporting the effect of chronic ethanol on basal cortisol is far from 

conclusive, the monkeys used here had lower plasma cortisol levels after 12 months of 

chronic ethanol self-administration (Helms et al., 2011).  A similar result was found in other 
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monkeys using this same model (Cuzon Carlson et al., 2011). We therefore decided to 

examine the relationship between cortisol and hippocampal SERT and 5-HT1A receptors. 

 

Objective 

Investigate the relationship between hippocampal SERT, 5-HT1A receptor density and 5-

HT1A receptor gene expression and basal and dexamethasone suppressed cortisol levels in 

monkeys that self-administered ethanol for over 12 months.  

 

Methods 

Neuroendocrine challenges were performed on the same subjects described in chapters two 

and three (n=9) as previously described by Porcu et al. (2006a). Briefly, monkeys were 

trained to present their leg for awake venipuncture through an opening in the cage or while 

sitting comfortably in a nonhuman primate chair and to tolerate drug administration during 

pharmacological challenges to various levels of the HPA axis. Blood samples were 

subsequently assayed for cortisol. The results of other neuroendocrine challenges have 

been reported elsewhere (Porcu et al., 2006a, 2006b), though the present study used data 

from only two challenges.  

 

Dexamethasone suppression test 

Dexamethasone binds with high affinity to the GR and is used in relatively small amounts to 

test hypothalamic and pituitary sensitivity to negative feedback. An 8:00 am blood sample 

was taken for baseline measures of cortisol (dex pre) followed by administration of 130 

ug/kg i.m of dexamethasone (a relatively low dose) at 10:00 pm. A second blood sample 

was taken at 8:00 am the following morning (dex post) to assess cortisol levels following 

dexamethasone suppression. All samples were taken from monkeys in their home cages. 

Dex pre is used as an indicator of basal cortisol levels while dex post and percent change 
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from pre to post cortisol levels are indicators of the responsivity of the HPA axis to negative 

feedback. As such they may be indirect measures of hippocampal GR density and/or 

activity.  

 

Saline challenge 

The saline challenge is administered while the animals are chaired and is used as a control 

for other chair-based challenges not reported here. This challenge, however, reportedly 

provides the most robust measure of basal cortisol levels throughout the ethanol self-

administration paradigm (KA Grant, personal communication). Blood samples are taken at 

15, 30, 45, 60, 90, and 120 minutes following i.m. saline while monkeys sit comfortably in a 

primate chair. Peak cortisol and area under the curve (AUC) of cortisol levels from 15-120 

minutes are used to assess the HPA axis response. Because the monkeys are sitting in 

chairs rather than in their home cages and have received an i.m. injection of saline, the 

cortisol levels from this test differ slightly from dex pre measures. 

 

The relationship between cortisol measures and serotonergic endpoints were examined with 

linear regression using Prism 5 for Mac OS X (San Diego, CA).  

 

Results 

There were relatively few significant correlations between cortisol levels and SERT or 5HT1A 

receptor densities, but those relationships that were apparent were primarily positively 

correlated and subregion, layer, and level specific (see Tables A2.1.-A2.4.). Significant 

positive correlations with dex post and/or percent change after dex were the most frequently 

observed correlations. All of these relationships lost significance, however, upon the 

removal of a single outlier (Figure A2.1.).  
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[3H]citalopram binding in the CA1slm correlated positively with peak cortisol and AUC for 

cortisol following i.m. saline, at the caudal level (Table A2.1.). Cortisol levels during the 

saline challenge also exhibited a strong positive correlation with [3H]8-OH-DPAT binding in 

three out of four layers within the caudal CA1 (Table A2.3.). Following i.m. saline, a 

significant negative relationship was observed between cortisol levels and [3H]8-OH-DPAT 

binding in the DGgcl at the midrostrocaudal level.  

 

No significant relationship was observed between cortisol levels and 5-HT1A receptor gene 

expression in either the DG or CA1 (Table A2.4.).  

 

Discussion & Conclusions 

The data presented here suggest that the impact of cortisol on SERT and 5-HT1A receptor 

density is likely to be minimal. Though the effects aren’t large, the relationships between 

basal cortisol and measures of SERT density, 5-HT1A receptor density, and 5-HT1A receptor 

gene expression following chronic ethanol self-administration are complex and may be 

mediated by factors not examined here.    

 

These data would appear to be somewhat surprising given our knowledge of corticosteroid 

receptor modulation of hippocampal SERTs and 5-HT1A receptors. Our findings are, 

however supported by other studies that have investigated this same relationship in both 

healthy individuals and individuals with affective disorders. For example, Bhagwagar et al. 

(2003) observed no effect of hydrocortisone treatment on hippocampal 5-HT1A receptor 

availability in euthymic individuals who had experienced at least two episodes of major 

depression. Similarly, Montgomery et al. (2001) reported no effect of acute or chronic 

hydrocortisone administration on hippocampal 5-HT1A receptor availability in healthy 

controls. Furthermore, while decreased hippocampal 5-HT1A receptor availability was 
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observed in individuals experiencing a major depressive episode, receptor availability did 

not correlate significantly with plasma cortisol levels (Drevets et al., 1999). A significant 

negative correlation was observed, however, between plasma cortisol levels and 5-HT1A 

receptor availability in the head of the hippocampus in individuals with social phobia 

(Lanzenberger et al., 2010). Unfortunately, these authors did not examine the relationship 

between cortisol levels and 5-HT1A receptor availability in the portions of the hippocampus 

that correspond to those examined in the present study.  

 

The effect of chronic ethanol on corticosteroid mediated inhibition of 5-HT1A receptor 

transcription has not been specifically investigated, though one study has reported 

decreased GRE-DNA binding activity in the hippocampal formation of rats exposed to an 

ethanol liquid diet for 15 days (Roy et al., 2002). This effect was associated with decreased 

levels of glucocorticoid receptors in the same brain region. These results are in general 

agreement with the data reported here since decreased GRE-DNA binding activity would 

attenuate corticosteroid-mediated inhibition of 5-HT1A receptor transcription and could result 

in an increase in 5-HT1A receptor density.  

 

While it is possible that 12 months of ethanol self-administration disrupts the relationship 

between blood cortisol and hippocampal SERT and 5-HT1A receptors densities, the present 

data set does not allow for this comparison because we only have cortisol levels from 

ethanol drinkers following 12 months of ethanol self-administration. Additional work is 

necessary to uncover the specific effects of chronic ethanol self-administration on this 

relationship.   
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Table A2.1. Correlation coefficients (r2) for hippocampal [3H]citalopram binding 

(fmol/mg) and cortisol measures (ng/mL). #p≤0.08; *p≤0.05; **p≤0.01; Red = positive 

correlation; Blue = negative correlation. Abbreviations: DG-denate gyrus; CA1-cornu 

ammonis 1; mol-molecular layer; slm-stratum lacunosum moleculare; mid-midrostrocaudal; 

caud-caudal. 

Region Saline 
(AUC) 

Saline 
(peak) Dex pre Dex post Dex (% change) 

DGmol mid 0.1199 0.0734 0.0432 0.7614** 0.3006 

DGmol caud 0.2129 0.1742 0.0086 0.5681* 0.2436 

CA1slm mid 0.0719 0.0567 0.0002 0.2578 0.0948 

CA1slm caud 0.3708# 0.5352* 0.2467 0.1423 0.6087** 
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Figure A2.1. Representative relationship between serotonergic measures and 
cortisol levels following dexamethasone suppression (dex post). A significant 
positive correlation is observed with [3H]citalopram binding in the DGmol, however, 
this effect is driven by a single outlier (indicated in red) who exhibited reduced cortisol 
suppression following dexamethasone. Significance is lost upon removal of the outlier. 
A similar relationship is observed between dex post and measures of 5-HT1A receptor 
density. 
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Table A2.2. Correlation coefficients (r2) for hippocampal [3H]MPPF binding (fmol/mg) 

and cortisol measures (ng/mL). #p≤0.08; *p≤0.05; **p≤0.01; Red = positive correlation; 

Blue = negative correlation. Abbreviations: DG-denate gyrus; CA1-cornu ammonis 1; mol-

molecular layer; gcl-granule cell layer; pol-polymorphic layer; so-stratum oriens; pcl-

pyramidal cell layer; sr-stratum radiatum; slm-stratum lacunosum moleculare; mid-

midrostrocaudal; caud-caudal. 

Region Saline 
(AUC) 

Saline 
(peak) Dex (pre) Dex (post) Dex (% change) 

CA1so mid 0.1914 0.1767 0.0095 0.2645 0.4393* 

CA1so caud 0.1885 0.1210 0.1810 0.1556 0.0013 

CA1pcl mid 0.1162 0.0553 0.0547 0.2406 0.0729 

CA1pcl caud 0.1813 0.1271 0.0819 0.2588 0.0484 

CA1sr mid 0.2529 0.1495 0.0412 0.2301 0.0759 

CA1sr caud 0.3523 0.3095 0.0063 0.2732 0.2110 

CA1slm mid 0.2260 0.2113 0.0062 0.1412 0.2235 

CA1slm caud 0.2028 0.2190 0.0058 0.0791 0.0559 

DGmol mid 0.1104 0.2237 0.3886# 0.3524 0.0016 

DGmol caud 0.1657 0.1418 0.0813 0.0422 0.0066 

DGgcl mid 0.0190 0.0883 0.2490 0.3143 0.0031 

DGgcl caud 0.0525 0.0720 0.0097 0.1555 0.0396 

DGpol mid 0.0036 0.0172 0.3558 0.5586* 0.0083 

DGpol caud 0.0541 0.0488 0.0549 0.0515 0.0407 
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Table A2.3. Correlation coefficients (r2) for hippocampal [3H]8-OH-DPAT binding 

(fmol/mg) and cortisol measures (ng/mL). #p≤0.08; *p≤0.05; **p≤0.01; Red = positive 

correlation; Blue = negative correlation. Abbreviations: DG-denate gyrus; CA1-cornu 

ammonis 1; mol-molecular layer; gcl-granule cell layer; pol-polymorphic layer; so-stratum 

oriens; pcl-pyramidal cell layer; sr-stratum radiatum; slm-stratum lacunosum moleculare; 

mid-midrostrocaudal; caud-caudal. 

Region Saline 
(AUC) 

Saline 
(peak) Dex (pre) Dex (post) Dex (% change) 

CA1so mid 0.0003 0.0002 0.0169 0.1019 0.0149 

CA1so caud 0.2208 0.0776 0.1948 0.4371* 0.0578 

CA1pcl mid 0.0063 0.0067 0.0800 0.4851* 0.0530 

CA1pcl caud 0.454* 0.3034 0.0765 0.3763# 0.0993 

CA1sr mid 0.0111 0.0121 0.0652 0.2913 0.0119 

CA1sr caud 0.476* 0.3619 0.0167 0.4252# 0.2659 

CA1slm mid 0.2089 0.2256 0.0076 0.2082 0.0603 

CA1slm caud 0.4081# 0.3365 0.0289 0.3263 0.1493 

DGmol mid 0.2399 0.2647 0.1389 0.0906 0.0365 

DGmol caud 0.0000 0.0004 0.0220 0.3165 0.1895 

DGgcl mid 0.6295** 0.6793** 0.1785 0.0049 0.1822 

DGgcl caud 0.1874 0.1626 0.0528 0.2507 0.0233 

DGpol mid 0.1352 0.1417 0.1643 0.0241 0.1682 

DGpol caud 0.0593 0.0184 0.0302 0.1583 0.0167 
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Table A2.4. Correlation coefficients (r2) for relative hippocampal HTR1A mRNA 

expression (% control) and cortisol measures (ng/mL). #p≤0.08; *p≤0.05; **p≤0.01; Red 

= positive correlation; Blue = negative correlation. Abbreviations: DG-denate gyrus; CA1-

cornu ammonis 1; mid-midrostrocaudal; caud-caudal. 

Region Saline (AUC) Saline (peak) Dex (pre) Dex (post) Dex (% change) 

CA1 mid 0.0019 0.0016 0.2057 0.0335 0.0751 

CA1 caud 0.0231 0.0003 0.0584 0.1234 0.0578 

DG mid 0.0002 0.0080 0.1966 0.0112 0.2442 

DG caud 0.0806 0.1146 0.0793 0.1655 0.0603 
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Rationale 

Hemispheric asymmetry has been observed throughout the brain at behavioral, 

neuroanatomical and neurochemical levels (Toga and Thompson, 2003). While most studies 

have focused on anatomical lateralization of the brain in areas involved in language and 

speech processing, a few studies have investigated neurochemical differences between 

hemispheres. In fact, lateralization of the dopamine system has been relatively well 

documented (Glick et al., 1982; Wagner et al., 1983). Hemispheric specialization of the 

serotonin system has been less well studied, however, existing research does point to 

possible asymmetry in select brain regions. For example, greater serotonin content has 

been reported in the right amygdala than the left in rats (Andersen and Teicher, 1999). In 

addition, greater imipramine binding, indicative of SERT density, has been observed in right 

orbitofrontal cortex than left in healthy individuals (Arató et al., 1991), although a separate 

study reported no hemispheric differences in Bmax but greater affinity of imipramine in the 

left versus right frontal cortex (Arora and Meltzer, 1991). Functional lateralization of 5-HT1A 

activity has been reported by Belcheva et al. (1994, 1997, 2007) who observed more 

pronounced agonist-induced impairment and antagonist-induced facilitation of learning and 

memory following drug treatment to the right versus left CA1 of the hippocampal formation in 

rats. Human data reporting hippocampal 5-HT1A receptor density, however, does not support 

the functional asymmetry observed in rodents (Fink et al., 2009).  

 

Objective 

Investigate the interhemispheric lateralization of the SERT and 5-HT1A receptor within the 

nonhuman primate hippocampal formation.  

 

Methods 
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[3H]Citalopram, [3H]MPPF, and [3H]8-OH-DPAT binding were measured in the left and right 

hippocampal formation of control monkeys only (n=8) using the same methods described in 

chapters two and three. Due to limited availability of both hemispheres in these samples, 

only one level within the hippocampal formation was measured corresponding to the 

posterior hippocampus for six of eight controls and intermediate hippocampus for the 

remaining two control animals. Student’s t-test was used to determine the difference in 

binding between left and right hemispheres in each subregion and layer measured using 

Prism 5 for Mac OS X (San Diego, CA).   

 

Results 

[3H]Citalopram binding did not differ significantly between hemispheres in either the CA1slm 

or DGmol (p=0.17 and p=0.76 respectively; Figure A3.1.). Similarly, neither [3H]MPPF 

binding (Figure A3.2.) or [3H]8-OH-DPAT binding (Figure A3.3.) differed significantly 

between hemispheres in any layer of CA1 or the DG (p>0.10 for all analyses).  

 

Discussion & Conclusions 

The data presented here indicate that no hemispheric specialization in SERT or 5-HT1A 

receptor density exists in the nonhuman primate hippocampal formation.  

 

While functional lateralization of the 5-HT1A receptor has been reported in the hippocampal 

formation of rats (Belcheva et al., 1994, 1997, 2007), the data presented here are in 

agreement with numerous human studies that have reported no hemispheric differences in 

5-HT1A receptor availability in humans (Montgomery et al., 2001; Bhagwagar et al., 2003; 

Fink et al., 2009). In contrast, hemispheric specialization of hippocampal SERT has not 

been investigated. No significant differences in hippocampal serotonin content were 
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observed, however, between hemispheres in healthy rodents (Andersen and Teicher, 1999) 

lending support to the lack of differences observed in the current data set.  

 

Importantly, both hemispheres were unavailable for analysis in the ethanol drinking 

monkeys described in chapters two and three making the investigation of the effects of 

chronic ethanol on lateralization of hippocampal SERT and 5-HT1A receptors impossible. 

Importantly, several studies have reported 5-HT1A receptor lateralization in individuals with 

epilepsy but not in healthy controls (Toczek et al., 2003; Savic et al., 2004) suggesting that 

pathological conditions may exert differential effects on the serotonin system between 

hemispheres. These studies suggest that future work aimed at investigating hemispheric 

differences in the effect of long term alcohol consumption on serotonergic measures is 

warranted.   
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Figure A3.1. [3H]Citalopram binding in the left and right hippocampal formation 
of healthy controls. Student’s t-test uncovered no significant differences between 
hemispheres in either CA1slm or DGmol,  
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Figure A3.2. [3H]MPPF binding in the left and right hippocampal formation of 
healthy controls. Student’s t-test uncovered no significant differences between 
hemispheres in any of the regions or layers analyzed.   
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Figure A3.3. [3H]8-OH-DPAT binding in the left and right hippocampal formation 
of healthy controls. Student’s t-test uncovered no significant differences between 
hemispheres in any of the regions or layers analyzed.   
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