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CHAPTER 1: LITERATURE REVIEW
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ABSTRACT
Alcohol use disorder (AUD) is a major issue facing the population both domestically and
abroad. The repeated use of alcohol impairs various behavioral and cognitive functions
such as attention and memory and disrupts normal communications between brain
regions. These disruptions in communication can occur after single administrations of
alcohol and can become permanent through repeated abuse. This disruption in
communication negatively affects regions crucial to brain regions underlying working
memory and attention, including structures such as the prefrontal cortex, posterior
parietal cortex and others. Many drugs are used in the treatment of AUD, with
acamprosate being one of the most commonly prescribed drugs. The specific mechanism
of acamprosate has not been identified, but it is thought to have an indirect effect on
mGluR, NMDA, and possibly GABAA receptors via calcium. This effect is thought to
stabilize the hyper-glutamatergic state seen in withdrawal, while possibly reducing the
dopaminergic response to alcohol. Acamprosate has been confirmed to be efficacious
despite initial disputes of its efficacy through large composite studies. However, the
possible behavioral and cognitive effects of acamprosate have not been studied in detail,
necessitating further studies that investigate these possible effects.
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INTRODUCTION
The potential for alcohol abuse will always be extremely high due to it being one
of the few drugs of abuse that is sold legally without a prescription as well as its
reinforcing and rewarding properties. As of 2015, alcohol is the most prevalent
substance of dependence in the world, with over 63.5 million estimated cases1. The
burden caused by alcohol is felt in numerous ways by not only the primary abuser, but
others around them as well. Alcohol is one of the three leading factors for global disease
burden and 3.8% of all global deaths can be attributed to alcohol in the year 2004, with
that number only rising in subsequent years due to increased drinking in females2,3.
However, the statistics related to alcohol abuse are far worse due to alcohol’s role in
many psychiatric and neuropsychiatric disorders. For instance, the presence of either
AUD or depression in a patient doubles the risk of having the other4. Other studies have
shown similar risk factors that can increase the risk of having AUD such as
socioeconomic status, psychiatric and substance abuse disorders, family history, and
more5,6. Those with bipolar disorder have elevated odds to develop AUD with 2 out of
every 5 male patients and 1 out of every 5 female patients with bipolar disorder
developing AUD7. Patients with anxiety disorders and personality disorders also have a
high AUD comorbidity rate8. Given that any one of these disorders greatly affects those
around them both physically and psychiatrically, it is clear that AUD has a much larger
effect on the world’s population than what is typically estimated.
A clear understanding of each drug used to treat AUD is needed in order to
provide effective treatment to each individual patient. In this study, we sought to
investigate the effects of acamprosate, one of the most commonly prescribed drugs in the
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treatment of AUD. Acamprosate’s efficacy has been proven after many large scale
studies, but its possible effects on behavior and memory have not been thoroughly
investigated. A non-human primate (NHP) model was used in order to be able to
determine the dose-dependent relationship alcohol and acamprosate while simultaneously
investigating each dose’s effects on behavior and memory using a complex behavioral
assay: the delayed match to sample task (DMTS). The results of this study will provide
the basis for future studies to investigate acamprosate’s effects on behavior and memory
along with its potential use in treatment of other disorders such as autism, anxiety, and
sleep disorders.
DELAYED MATCH-TO-SAMPLE TASK
A robust and well-known method that can be used to assess both attention and
memory simultaneously is the delayed match-to-sample task (DMTS). Initially described
by B.F. Skinner for use in pigeons9, the task has evolved and been used in differing ways
leading to the present. It has seen use in rodents10,11,12, non-human primates
(NHPs)13,14,15,16, and humans17,18,19. It has been used in the study of a diverse number of
diseases, disorders, and drugs including amnesia20, ADHD21, schizophrenia22, cannabis23,
AUD, and alcohol24.
The nature of the tasks requires the attentional network to focus on and select the
start ring, while the working memory (WM) network is needed to remember images
presented. Furthermore, functional magnetic resonance imaging (fMRI) has revealed the
DMTS task to activate regions in the established WM and attentional networks, such as
the superior frontal gyrus, prefrontal cortex (PFC) and posterior parietal cortex25.
Differences in activation were seen in verbal and non-verbal tasks, with larger activation
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in the left precuneus and right middle frontal gyrus for non-verbal tasks as compared to
verbal25. Knowing the DMTS tasks activates regions in both networks of interest (WM
and attentional), the DMTS task could be used as a tool to assess both alcohol and
acamprosate’s possible effects on memory and behavior.
NON-HUMAN PRIMATE MODEL
Use of an animal model that provides the greatest translation to humans is needed
when assessing disorders such as AUD, which is a social, mental, and behavioral disorder.
In particular, an AUD NHP model may be an optimal choice for this study due to the
similarities in behavior and neuroanatomy as compared to other animals26. A non-human
primate model would also allow for experimental manipulation and perhaps improve
translatability of the results as compared to a rodent model27. An extensive amount of
studies have used NHPs to study alcohol, which have allowed for universal definitions of
dosage (0.25 g/kg per day is the equivalent to one alcoholic drink) and drinking habits
(<2 g/kg per day is considered light drinking, while >3 g/kg per day is considered heavy
drinking)28. These universal standards are beneficial to this study in two ways: it allows
for easy translation to human doses and allows for easier comparison to the multitude of
other NHP studies.
ALCOHOL’S EFFECTS ON BEHAVIOR AND MEMORY
Before investigating acamprosate’s possible effects on behavior and memory, it is
necessary to assess the effects alcohol has on these measurements. Currently, healthy
subjects have no reason to use acamprosate, and patients that are currently approved to
use acamprosate will most likely have cognitive functioning similar to those with
previous alcohol exposure. A major effect that alcohol has been shown to have is the
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impairment of response inhibition29. In other words, when a movement (decision) has
already been made, it is much harder for subjects to stop the intended movement.
Specifically, non-saccadic movements seem to be more difficult to inhibit while saccadic
movements may not be as affected by alcohol30. Increases in reaction time seen in lower
doses of alcohol may be attributed to this phenomena31. A decrease in reaction time may
only occur during descending blood alcohol concentrations however, which could
possibly carry over to the following day during a hangover32. Similarly, in a study using
rhesus macaques, it was shown that discontinued alcohol use after chronic exposure
increased the probability of slower reaction times33.
Memory is also affected by alcohol, with some forms of memory being more
resilient to alcohol’s effects. Episodic declarative memories are seemingly unimpaired at
moderate to lower levels of intoxication34. Working memory may also be resilient to
alcohol’s effects at lower levels of task difficulty35, but that resilience may disappear
when tasks with a higher WM load appear36. This may be due to alcohol impairing the
recruitment of resources needed for tasks with higher difficulty37. Another factor that
may cause declines in performance for memory tasks is attention to the task. Those who
are hungover the day after drinking have been shown to have significantly impaired
sustained attention38,39. Lack of attention could lead to fewer trials completed in memory
tasks, and also worse performance on the task itself if the information that needs to be
remembered is not properly attended to.
WORKING MEMORY NEURAL CORRELATES
To fully understand alcohol’s effects on the brain, the circuitry involved must be
understood. As previously mentioned, alcohol may affect WM capabilities; WM is the
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ability to manipulate stored information and is essential in higher-level cognitive
functioning. The neural correlates of WM have been studied extensively for this reason.
Initial research performed in NHPs suggested an important role for the pre-frontal cortex
(PFC)40,41. Specifically, significant, persistent PFC activity during delay periods of WM
tests has been shown, indicating that information is being held until a response is given42.
Furthermore, these PFC neurons with persistent activity through the delay period were
shown to be directional, meaning they respond heavily to cues from a certain direction
and initiate an inhibitory period when cues come from a different direction43. Activation
of only certain neurons pertaining to certain directions is most likely a way that the brain
stores the location of a target stimulus. These neurons also allow for rapid short-term
memory storage and turnover; neurons that were activated for a certain direction can be
inhibited once another target stimulus appears, allowing the focus to always be on the
current target stimulus and not the previous. During the DMTS task used in this study,
these neurons are most likely crucial for remembering the target stimulus.
The cingulate gyrus may also help to discriminate between stimuli during WM
tasks. In tasks assessing WM such as word-nonword discrimination tasks, the posterior
cingulate has been shown to be active during nonword trials44. Anterior cingulate activity
has also consistently been shown in WM tasks, with activity intensity correlating with
better performance and larger WM capacities45,46. These studies seem to implicate that
the anterior cingulate’s role is one of storing and manipulating information, while the
posterior cingulate may be specific to non-word discrimination tasks.
Many NHP studies investigating WM have shown elevated responses in the
parietal cortex during tasks that require storage of visual or spatial information47,48. A
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similar study using blood oxygenation level dependent (BOLD) functional MRI imaging
revealed the PFC and parietal cortex had the highest level of activity during delay periods
of a memory task49. When either parietal or prefrontal cortices are inactivated in NHPs,
activity of the other between the delay drops by 40%50. This suggests that the
interactions between the PFC and parietal cortex are essential for the storing and
manipulation of information51. Overall, these studies suggest that during the DMTS task
previously mentioned areas such as the PFC, cingulate gyrus, and the parietal cortex are
active during the task.
MULTICOMPONENT WORKING MEMORY MODEL
Previous studies investigating individual processes and singular brain structures
involving WM led to more comprehensive theories that acknowledged multiple regions
working in tandem. Perhaps the most commonly accepted model of WM was proposed
by Baddeley and Hitch in 197452. This model, dubbed the multicomponent working
memory model, consists of roughly four components that work in tandem: a central
executive, a visuospatial sketchpad, phonological loop, and an episodic buffer53. Both
the visuospatial sketchpad (visual-spatial memories in the occipital lobe) and
phonological loop (verbal memories residing in Broca and Wernicke’s areas) are sensory
inputs in the model. The most recent addition to the model, the episodic buffer, is
thought to integrate/modulate sensory information from the visuospatial and phonological
components. The central executive residing in the prefrontal and anterior cingulate
cortices oversees and regulates the processing of information coming from the other
components.
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Figure 1: A depiction of the multicomponent working memory model54.
Both long and short term memory are also thought to be involved in the WM
process. Initially thought to be a subtype of short term memory (STM), WM is now
thought to be more like long term memory (LTM)55. Typically, STM is defined as
memory that is stored for 1-30 seconds, with LTM being information stored for longer
than 30 seconds56. The rough definition of WM is the storage and manipulation of
information used for higher cognitive processing, which by nature implies that
information from long term memory can be accessed for WM functions. The PFC,
posterior parietal cortex, hippocampus, medial temporal lobe (MTL), and other regions
have all been revealed to be active during tasks involving STM and LTM, solidifying the
close relationship between these different types of memory57,58,59,60.
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NEURAL NETWORK COMMUNICATIONS
Communication between these regions (prefrontal, parietal, temporal, and
occipital) involves a multitude of smaller connections that are inherently designed to
communicate efficiently. Understanding which regions within the proposed WM
network communicate efficiently with one another allows for further understanding of
behavioral impairments seen when these structures are altered via drugs such as
acamprosate and alcohol. A common method used to analyze these connections is graph
theory, a model used to explain structural and functional properties of systems that can be
applied to neural networks. Individual brain regions are dubbed nodes, with the synapses
and axonal projections of each region known as edges61. Using this sort of analysis, it
has been theorized that regions that are spatially close have a higher probability of being
connected, while those that are farther away from each other have a lower probability of
being connected62,63,64. In particular, the prefrontal cortex in macaques seems to have a
staggering amount of interconnectivity, with local areas connecting to 94% of the regions
in close spatial proximity64,65. Distant regions tend to have less connectivity to each other
as compared to local regions; this seems to be a purposeful tactic used by the brain to
increase communication efficiency. In other words, the less clustered and numerous the
connections between long-distance nodes, the greater the communication effiency61.
Using fMRI to study regional connectivity during a memory recall task, Geib et al. (2017)
mapped memory circuitry using graph theory concepts. Their proposed circuitry seems
to confirm high communication efficiency between regions proposed in the
multicomponent working memory model; there is a high amount of local node
connectivity, and longer but less frequent edges between non-local nodes.
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Figure 2: Diagram of a hypothesized network for memory maintenance and retrieval.
Five different functional communities (i.e., modules/nodes) were identified from the
modularity analysis: occipital/temporal (yellow), fronto-parietal (red), parietal (green),
medial temporal (light blue), and subcortical (dark blue). All nodes in the assembly
(depicted as large spheres in Figure 2) showed significantly greater connectivity strength
with the left hippocampus (light blue sphere) for remembered as compared to forgotten
items (significant connections are depicted as dark lines)66.
THE ATTENTIONAL NETWORK AND ALCOHOL
Besides WM, alcohol also impairs attention and by extension the regions
responsible for attention; acamprosate also has the potential to affect these regions. The
accepted network for visual attention is very similar to the multicomponent working
memory model as they both involve many of the same regions, including frontal and
parietal areas. The parietal cortex specifically seems to be of great importance for visual
attention and is thought to integrate signals from frontal and occipital areas67. Integration
allows for decisions to be made on resource allocation by processing bottom-up signals
from the visual cortex, and top-down signals from the prefrontal areas67,68,69,70. When
11

parietal cortex neurons are disrupted via transcranial magnetic stimulation, a drop in
performance on an attention task in subjects is seen70. In other words, there may be a
causal role between parietal neuronal activity and attentional deficits/improvements.
Specific sub-regions may have more influential roles than others within the parietal
cortex. Lateral intraparietal area (LIP) neurons have been shown to have larger responses
when an image is salient as opposed to stimuli considered to be less salient68. The LIP
(along with the superior parietal lobule, frontal eye field, and supplementary eye field)
have also been shown to have an increased BOLD response when anticipating a visual
stimulus69.

Figure 3: Diagram of the hypothesized attentional network. Reciprocal connections
between visual, parietal, and prefrontal areas are shown with the parietal cortex
integrating signals from both V1 and prefrontal areas. Visual information is sent to the
inferior temporal cortex presumably for object recognition purposes67. (TEO=area TEO
of the inferior temporal cortex).
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If artificially deactivating parietal region neurons by transcranial magnetic
stimulation causes attentional deficits, it is possible that drugs that affect these regions
could produce similar deficits. Alcohol use has been shown to specifically lower the
intra-network structural connectivity in the intraparietal sulcus and dorsomedial
prefrontal cortex, both key components in attentional (and WM) circuits71. This would
presumably produce an effect similar to deactivating those regions, possibly explaining
alcohol’s obstructive effects on attention.
THETA/GAMMA OSCILLATIONS
As previously stated, alcohol impairs cognitive function, including memory and
attention. Understanding the mechanisms behind memory encoding and formation is
critical to being able to treat the deficits caused by alcohol. Currently, formation and
encoding of memories are thought to occur thanks to communication between regions in
the WM and attentional circuits in the form of synaptic oscillations. Synaptic oscillations
can roughly be defined as rhythmic synaptic activity that occurs at specific frequencies.
Theta (4-8 Hz) and gamma oscillations (30-120 Hz) specifically have been implied in the
support and maintenance of memory. Initial interest in gamma oscillations was sparked
due to an initial study by Howard et al. (2003) who showed that gamma oscillations were
seen to increase linearly with memory load72. Structures found to exhibit gamma
oscillations during memory encoding include Broca’s area, prefrontal cortex, and the
hippocampus among others73. Two substructures of the MTL, the rhinal cortex and
hippocampus, have been shown to exhibit phase-locked gamma activity during memory
tasks that subsequently desynchronizes when the task is complete74,75. This suggests that
gamma band activity is used to “couple” the two structures during memory encoding, and
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decouple them once the encoding is complete74. This theory of coupling and decoupling
extends beyond the MTL and is a vital part of memory formation.
Theta oscillations are also thought to help facilitate communication between
regions along with being a key component in the spatial aspect of spatial memory76.
During spatial WM tasks, theta oscillations have been shown to modulate firing rate
changes in the medial PFC and hippocampus77,78. Furthermore, these oscillations are
phase-locked between the two regions, and when this synchronous activity is interrupted,
performance on memory tasks worsens79. Conversely, an increase in theta activity during
spatial memory tasks seems to enhance performance78. Similar phase-locked theta band
activity has been observed in the extrastriate visual cortex during WM tasks80. This
indicates that theta band activity is most likely a cortical mechanism used to facilitate
communication between structures during memory formation. Phase-locked theta
activity in the cortex may also be dependent upon the nature of the task, with regions
specific to the task being in-sync while other regions unspecific to the task being
excluded80. For instance, during a visually themed WM task such as the DMTS task, one
might expect the prefrontal cortex and occipital lobe to be phase locked, with other
irrelevant structures excluded.
THETA/GAMMA COUPLING
While theta and gamma oscillations may have different functions in memory
facilitation, theta-gamma coupling became an area of intense study due to many studies
observing co-occurrence of theta and gamma frequencies during memory tasks.
Successful theta-gamma coupling is now known to be crucial to encoding and
maintaining memories. Hippocampal studies have shown that theta phase oscillations
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modulate gamma activity81,82,83,84. Multiple gamma subcycles occur within a theta cycle
during coupling81,82,83,84, indicating a method of how multiple pieces of information are
maintained and transmitted in an ordered fashion.

Figure 4: Example of different gamma subcycles during a theta cycle in rats. Filtered
gamma traces (30-50 Hz, blue, or 50-90 Hz, red) and theta filtered local field potential
(LFP) (4-12 Hz, black lines). Traces are aligned to the peak of the theta LFP81.
(RUN=Recordings carried out while the animal ran on a linear maze, REM= Recordings
during sleep in the animal's home cage that contained at least one REM episode).
Higher phase-amplitude coupling (PAC) between theta and gamma oscillations
typically leads to higher success in various memory tasks, including WM tasks85,86,87,88,89.
However, it was shown that attention deficit hyperactivity disorder (ADHD) patients with
impaired attentional ability exhibited significantly greater than normal PAC90. This may
suggest that there is a limit to the beneficial effects of PAC, and that once a certain
threshold of PAC has been reached, it may be a bane to attentional abilities akin to
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hyperactivity. Typically, PAC has been observed in areas such as the hippocampus,
entorhinal cortex, PFC, and parietal lobe during memory tasks85,87,91,92. Depending on the
type of task being used to assess memory, other lobes may also exhibit theta-gamma PAC.
Verbal memory tasks have been shown to cause theta-gamma PAC in the temporal lobe93,
while face recognition tasks show theta-gamma PAC in the occipital lobe94. PAC of
regions only relevant to a specific task is most likely key for excluding irrelevant
information. Increased PAC may be limited to tasks with higher difficulty; Chaieb et al.
(2015) demonstrated that PAC levels increased only when more than one item needed to
be remembered, not just one95.
Interestingly, although increased PAC between theta and gamma correlate with
better performance, an artificial increase in gamma oscillations as compared to normal
endogenous levels did not seem to affect WM performance96. This would suggest that it
is not merely the amplitude of theta or gamma oscillations that facilitates attentional
ability and memory formation, but the successful phase locking of the two. A study by
Fell et. al (2003) showed that increased theta-gamma PAC independent of the power of
either was a predictor of successful memory formation75. Alekseichuk et al. (2016) found
that not only does theta-gamma PAC need to occur for memory formation, but the peaks
of the cycles need to be in-sync as well91. Specifically, induced high frequency gamma
cycles occurring at the peaks of theta cycles enhanced memory performance, while
gamma cycles occurring at theta troughs did not show a difference in performance91.
Those with ADHD also seem to exhibit desynchronized PAC, leading to impaired
attentional abilities97. These results suggest that this type of peak synchronization during
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PAC should happen naturally endogenously but are subject to disruption by various drugs
and disorders.
While synchronized PAC helps to successfully form memories, unsynchronized
PAC may lead to impaired memory performance. Schizophrenic patients that perform
WM tasks with simultaneous electroencephalography (EEG) show worse performance on
WM tasks compared to healthy controls98. EEG results of the study revealed that thetagamma PAC was impaired in the schizophrenic patients while the control subjects had a
positive relationship between accuracy and theta-gamma PAC98. Alzheimer’s patients
have also been shown to have lower amounts of theta-gamma PAC correlating with
worse WM performance99. Zhang et al. (2017) has shown that disruption of theta-gamma
PAC via electromagnetic fields impairs performance on WM tasks in mice100. Disruption
of theta-gamma PAC in humans via transcranial alternating current stimulation
specifically designed to cause gamma bursts to couple to theta troughs significantly
impaired memory recall93. Acamprosate and other drugs have the potential to alter PAC
in a similar way.
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Figure 5: Illustration of summarized results of transcranial alternating current stimulation
experiments on theta-gamma PAC. High frequency gamma cycles that occurred during
theta wave peaks enhanced PAC and memory performance. High frequency gamma
cycles that occurred during theta wave troughs did not enhance memory91.
ALCOHOL AND MEDIATION OF PHASE-AMPLITUDE COUPLING
These oscillations in the brain that have proved to be so crucial to memory
formation may explain alcohol’s impairment of behavioral functions. Research is scarce
on the relation between alcohol and PAC, and more studies are needed to investigate this
topic. Resting connectivity in those with AUD has been shown to be altered; specifically,
an increase in subject’s theta to gamma ratio was observed101. Increases in the
theta/gamma ratio may be associated with memory impairment, as shown in subjects with
mild cognitive impairment who also had higher theta/gamma ratios102. Resting state
theta-gamma PAC has been shown to significantly decrease in healthy patients when
administered alcohol103,104. These results are particularly alarming as they imply that it

18

only takes single administrations of alcohol to impair neural connectivity and function.
Fortunately, it seems to take repeated, excessive alcohol consumption to permanently
change resting state connectivity101. This may allow drugs such as acamprosate to
acutely restore resting state activity back to a normal state.
ACAMPROSATE OVERVIEW
In order to help those with AUD, various pharmaceutical solutions along with
behavioral therapies have been vigorously investigated. Multiple approaches to treating
AUD are needed in order to both halt the drinking and to prevent further drinking and
craving. Ideally, a drug used to significantly reduce drinking would also rescue effects
caused by alcohol, such as tremors and impaired memory and behavior. Acamprosate is
one such drug that has potential to restore patient’s behavior and memory, and was
developed in Europe in 1989 and approved in the US in 2004 to use to promote
abstinence in AUD patients. Among the many drugs prescribed to individuals with AUD,
acamprosate is commonly the most highly prescribed105. Acamprosate (N-acetyl
homotaurine; 3-(acetylamino)-1-propanesulfonic acid calcium salt) is known by its brand
name, “Campral” in the United States. A typical dose of acamprosate in the US is 666
mg three times a day, administered orally in the form of two 333 mg tablets106. The
recommended treatment period is 1 year, with the patient recommended to continue
administration even if relapses occur106. Treatment regimens vary between countries; for
instance, the period of administration recommended in Europe is only 12 months, while
Japan’s recommended period of administration is 24 months106. Acamprosate is
relatively well tolerated, with its most common side effects related to gastrointestinal
irritation (diarrhea, flatulence)107. More adverse side effects involving extrapyramidal
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symptoms have been reported in an elderly patient possibly due to decreased dopamine in
the ventral tegmental area108. The use of acamprosate is contraindicated in patients with
renal deficiency due to acamprosate primarily being excreted via the kidneys109.
Acamprosate has also been studied in the treatment of other diseases such as autism110
and fragile X syndrome111,112,113 with positive outcomes seen. Studies on acamprosate’s
effects on depression also have seen promising results in rodent models114,115.
Acamprosate may also have neuroprotective properties. Concurrent administration of
acamprosate and alcohol increased the amount of stage III NREM sleep (restful sleep)
and decreased the amount of stage 1A NREM sleep (drowsiness) that is normally seen
after consuming alcohol116. In a mouse model of stroke, acamprosate administration after
stroke induction reduced edema, reduced infarct size, and demonstrated neuroprotective
properties by preserving neuronal density when compared with controls117. Due to
acamprosate’s apparent potential in treatment of multiple crippling disorders, insight into
its effects on both behavior and memory are imperative. In the present, acamprosate is
only approved to treat those with AUD, but if proven to be beneficial to measures such as
WM and attention it may be used to treat a multitude of disorders in the future.
ACAMPROSATE’S EFFICACY ON DRINKING ABSTINENCE
Initial studies after acamprosate’s approval in Europe and the US produced
varying results. The first US study evaluating acamprosate showed significantly higher
days of abstinence when compared to placebo groups in those with AUD118. Other
studies such as the COMBINE study in the US and the PREDICT study in Germany were
both double-blind, placebo controlled randomized trials used to assess the efficacy of
various drugs used to treat AUD. Both studies showed results that conflicted with the
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previously mentioned study, with acamprosate producing a reduction in drinking but
being no more significant than the placebo groups in each trial119,120. When results were
compared by country, the country of origin did not appear to explain the variance
between the initial study and the COMBINE/PREDICT studies121. A large meta-analysis
that followed examined over 6915 patients over 24 double-blind randomized control
trials, which revealed acamprosate significantly reduced the risk of drinking and
increased abstinence duration compared to placebo trials122. Questions still linger as to
whether acamprosate is reliable enough to use in the treatment of AUD, but the majority
of studies seem to now advocate its use.
Identifying the conditions in which acamprosate is most effective has also been
the focus of many studies. Commonly, acamprosate is thought to be most effective when
patients have the clear goal of abstinence in mind118,123,124,125. When compared to other
pharmacological treatments, acamprosate does well in promoting abstinence, but falters
in preventing subjects from further drinking once an initial drink has been
consumed123,125. Other factors seem to influence acamprosate’s efficacy, including weeks
of abstinence prior to treatment, body mass index (BMI), mood, and gammaglutamyltransferase (GGT) levels126. In general, according to an analysis performed by
Gueorguieva et al. (2015) on patients from the COMBINE study, those who benefit the
most from acamprosate are those with a lower amount of time abstinent before
acamprosate treatment126. Additionally, those with low BMI and low to normal GGT
also seem to benefit most from treatment. These findings may indicate that those with
greater physical health may see the best results when being treated. An adjustment of

21

dosage depending on BMI may also be optimal due to acamprosate’s possible
inefficiency at higher BMI levels.
Acamprosate’s efficacy on drinking reduction may be limited to a short-term
timespan. Recent studies have suggested that acamprosate’s effects may be explained in
part by an increase in extracellular dopamine. Application of acamprosate into the
nucleus accumbens revealed increases in extracellular dopamine thought to be caused by
acamprosate’s interaction with NMDA receptors127. A similar increase in dopamine
levels in the accumbens and ventral tegmental area was seen but was shown to be
abolished when antagonists to glycine and nicotinic acetylcholine receptors were
applied128. Along with the elevation of extracellular dopamine, acamprosate was shown
to reduce the amount of dopamine produced by alcohol intake128. The elevation of
dopamine produced by acamprosate along with the reduction of the dopaminergic
response to alcohol is one of the major proposed mechanisms behind acamprosate’s
efficacy in abstinence promotion. However, tolerance to this effect has been
demonstrated in rat models. Chau et al (2018) measured alcohol induced dopamine
levels in the nucleus accumbens of naïve rats, rats pretreated with acamprosate for 2 days,
and rats that were pretreated with acamprosate for 10 days. Rats that were pretreated
with acamprosate for 10 days showed elevated dopamine in response to alcohol during
acamprosate administration, an effect that acamprosate was thought to nullify129. These
data implies a tolerance to acamprosate may be developed overtime.

22

Figure 6: Treatment with acamprosate produces the expected reduction in alcohol intake
followed by a reduction in effect (top). This corresponds to an inability of acamprosate
to reduce the dopaminergic response to alcohol (bottom)129.
ACAMPROSATE, BEHAVIOR AND MEMORY
Previous studies have investigated acamprosate’s effects on behavior and memory
with conflicting results. Healthy male subjects receiving acute administration of
acamprosate performed worse on a free recall task meant to assess long-term memory130.
Healthy volunteers (both male and female) that received acamprosate administration for 7
days before testing also recalled fewer words on a free recall task, but showed increased
recall speed during a word recognition task116. In contrast, in patients with schizophrenia
and comorbid AUD, acamprosate did not impair participants in verbal recall or
attentional tasks131. These conflicting results may be due to the difference in participants,
as those diagnosed with both schizophrenia and AUD are known to have significant
cognitive dysfunction132. However, schizophrenia and AUD comorbidity may be the best
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model available from studies at this moment, as comorbidity of the two does not have an
additive effect on cognition133. Furthermore, the differences in impairment of behavior
and memory between those with only schizophrenia or only AUD appear to be
minimal133.
Pietrzak et al. (2005) have investigated the effects of acamprosate and alcohol on
the EEG of rabbits, but did not assess behavior. The results of their study reveal
acamprosate had a multitude of effects, including a marked decrease in the theta
frequency compared to baseline in the frontal cortex. Alcohol significantly decreased
both theta and gamma frequencies, and this effect was only exacerbated when
acamprosate was co-administered134. However, this study was limited in that it only
assessed frequencies 15 and 60 minutes after administration of each drug. In order to
gain a better understanding of the possible effects of acamprosate on memory, a study
that simultaneously assesses behavior and memory while acquiring EEG after
administration is warranted. This would allow for greater understanding of the effects
that acamprosate and alcohol have on cognition through the alterations of brain
frequencies. A study using these methods is a future direction that could follow the study
in Chapter 2.
PHARMACOKINETICS OF ACAMPROSATE
Acamprosate is known to have a half-life of ~30-32 hours when administered
orally, and ~3 hours when administered via intravenous infusion135. Bioavailability of
acamprosate is poor in humans (11% from the gastrointestinal tract) and rodents (20%),
which explains the need for the relatively large doses109. Absorption of the drug is very
slow, reaching maximal concentrations ~6.3 hours after oral administration135,136.
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Naltrexone, another commonly used drug to combat AUD, increases absorption of
acamprosate by 33% when coadministered137. Absorption is decreased when
coadministered with food135. Acamprosate has been shown to have no pharmacokinetic
interactions with other drugs prescribed for the treatment of AUD (disulfiram, diazepam,
nordiazepam, naltrexone)138. Acamprosate is not protein bound and is excreted
completely unchanged in urine110. No sign of liver or hepatic dysfunction have been
shown in clinical trials139.
PHARMACODYNAMICS OF ACAMPROSATE
There has been much debate as to acamprosate’s mechanism of action at receptors.
Discovering and understanding this mechanism is crucial to understanding the behavioral
effects being evaluated in this study. Initial investigations indicated that acamprosate
may be a direct agonist of γ-aminobutyric acid type A (GABAA)140 and an antagonist to
N-methyl-D-aspartate (NMDA) receptors141. Blockade of both NMDA and GABAA
receptors abolishes any effect of acamprosate on action potentials, seemingly confirming
the role of acamprosate on both receptors, but leaving the mechanism of action in
question142. Acamprosate was specifically shown to modulate GABA transmission in rat
models, increasing GABA uptake in specific cortical areas such as the hippocampus and
thalamus, and the subcortical striatum143. When a GABAA antagonist was applied, this
effect was inhibited,142,144 leading to the theory of direct GABAA interaction by
acamprosate. Acamprosate was also shown to not alter responses to GABA in
neocortical neurons145. These results suggest that acamprosate’s effects may be indirectly
mediated by some other mechanism.
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Initial in vitro patch clamp studies in hippocampal neurons also suggested
possible antagonism of NMDA receptors by acamprosate141,146. When compared to other
known NMDA receptor antagonists in cultured hippocampal neurons, acamprosate was
shown to have a very weak antagonism in comparison, which still allowed for modulation
of NMDA receptors regardless147. Similar to GABAA receptors, the effects on NMDA
receptors may be region specific, with modulation of synaptic potentials seen in the
mesencephalon148, but not in the cerebellum or striatum149. A possible benefit of
acamprosate’s theorized antagonism of NMDA receptors is the reduction of alcohol
withdrawal induced seizures. Other NMDA receptor antagonists such as neramexane
have been shown to reduce withdrawal related seizures and epileptic onsets in rodent
models,150,151,152 making it theoretically possible the same effect could be seen when
acamprosate is used. A study by Farook et al. (1990) found that acamprosate did indeed
reduce alcohol withdrawal related convulsions in a mouse model153. A hyperglutamatergic state is seen after cessation of alcohol, causing the withdrawal effects seen
after abuse154,155. Acamprosate has been shown to normalize this hyper-glutamatergic
state by its proposed antagonism of NMDA and possibly mGluR receptors155,156.
Acamprosate may also antagonize metabotropic glutamate receptors (mGluRs),
specifically mGlu1 and mGlu5. It was observed that glutamic acid is involved in alcohol
dependence and withdrawal, and that the increase in glutamic acid that is released upon
withdrawal is reduced by acamprosate157. This led to the theory that acamprosate may be
antagonistic to mGluRs, particularly mGlu5. This seemed to be confirmed when it was
observed that acamprosate blocked the neurotoxic effects of trans-ACPD, a known
mGluR1 and mGluR5 agonist158. Tests of mGlu5 receptor antagonists including
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acamprosate have been shown to reduce mGlu5 modulated anxiety-like behavior in rats,
further supporting acamprosate’s action on mGlu5 receptors139. In a similar test of
acamprosate’s efficacy in depression, it was found that acamprosate improved responses
in mice using the tail suspension test; however, this effect was nullified when CDPPB, a
positive allosteric modulator of NMDA and mGlu5 receptors was applied140.
The exact method of acamprosate on these receptors is unknown; however, a
prominent emerging theory is that acamprosate’s effects are due to indirect action on
receptors that is mediated by calcium. It was initially thought that the N-acetyl
homotaurine component of acamprosate’s chemical makeup was the active component,
but when sodium (Na-AOTA) is substituted for calcium (Ca-AOTA), no reduction in
self-administration was seen in a rat model159. When calcium (Ca-AOTA) was reinstated,
rats began reducing the amount of self-administrated alcohol consistent with the expected
effect of acamprosate159. To definitively test acamprosate’s effects on specific receptors,
a study by Reilly et al. (2008) injected Xenopus oocytes with cDNAs or cRNAs that
encoded for mGlu1, mGlu5, GABAA, and M1 muscarinic receptors along with subunits
of voltage-gated Na+ channels160. Using electrophysiological recordings, acamprosate
was applied at various clinical doses to each receptor subtype to measure the possible
effects on each. None of the receptors acamprosate had been thought to act on responded
to acamprosate alone, further suggesting an indirect mechanism of action160. A similar
study performed by Spanagel et al. (2014) seems to confirm these results. Using Xenopus
laevis oocytes, acamprosate was shown to have no effect on NMDA and mGlu5 receptor
activity when compared to known antagonists of each receptor161. Furthermore, when a
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combination of Na-AOTA with calcium chloride was used to substitute acamprosate (CaAOTA), a reduction in drinking was seen in rats comparable to acamprosate161.
CONCLUSION
The following study sought to answer the question of the effects acamprosate may
have on behavior and memory. Use of a NHP model to answer this question will prove
beneficial in that it most likely offers improved translatability compared to other animal
models. The dose response curve shown in this study might also help in selecting a
potentially faciliatory dose to use in treatment of other diseases and disorders other than
AUD. Four doses of acamprosate were tested in the DMTS task without the presence of
alcohol. The NHP was then subjected to the DMTS task after alcohol self-administration.
This was followed by acamprosate administration with alcohol. Based on previous
literature, the hypothesis for the study was that acamprosate would produce mild
impairment on memory performance, specifically percentage correct on the DMTS task.
A slight decrease in response time due to lack of attention was also expected. This is due
to the few studies in healthy human patients that showed impairment in memory recall
tasks when given acamprosate, albeit with somewhat conflicting results.
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ABSTRACT
Acamprosate is one of many drugs prescribed to individuals with alcohol use
disorder (AUD) meant to prevent a patient from drinking once they have decided to stop.
The potential effects of this drug on cognition and attention have not been studied in
depth. Due to acamprosate being investigated for the treatment of other major disorders
(anxiety, depression, and more), insight into these potential effects will prove crucial in
the future. To assess these effects, we subjected a male non-human primate (NHP; rhesus
macaque) to a delayed match to sample task (DMTS) while exposed to alcohol alone,
acamprosate alone, or a combination of both alcohol and acamprosate. Results of alcohol
exposure showed a detrimental effect on attention, but seemingly did not affect working
memory (WM) ability evidenced by no differences seen in average percent correct
between groups in the DMTS task. Acamprosate administration revealed varying results,
with a lower dose facilitating behavioral and memory measures and a moderate dose
having the opposite effect. When administered after alcohol consumption, acamprosate
improved attentional ability but was unable to restore other measures, indicating that
acamprosate may only be faciliatory at lower doses after a patient has been detoxified of
alcohol.
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INTRODUCTION
Alcohol use disorder (AUD) is a major burden on society and will continue to be
for the foreseeable future. Globally, alcohol was the seventh leading risk factor for
deaths and disability-adjusted life years as of 2016162. In the 15-49 age groups, alcohol is
the leading risk factor in both previously mentioned categories162. Additionally, it is
estimated that 27% of global alcohol use is unreported, intensifying an already extremely
burdensome problem163.
Alcohol’s effects on the brain have been subject to intense study, with cognition
being a common area of focus. Severe impairment has been shown in a wide variety of
cognitive tasks ranging from simple stimulus identification to sustained attention, verbal
memory, WM, psychomotor speed, and more164,165,166. Individuals who experience
hangovers caused by excessive drinking also have been shown to have decreased reaction
times and accuracy on simple tasks such as judging whether one number is greater than
the other167.

Furthermore, alcohol can worsen cognitive deficits seen by other factors

such as stress168. Alcohol’s impairing effects have even been compared to effects seen
after hippocampal lesions169. These effects may be enduring in those that have a long
history of abuse, even those that have abstained for a long period of time170. Thus, the
importance of promoting abstinence in those with AUD cannot be understated.
Treatment of AUD typically consists of psychosocial interventions combined with
drug treatment personalized to each individual patient. This approach has been proven to
be cost effective and to produce better patient outcomes171,172. Acamprosate, known by
the brand name “Campral” in the US, is one such drug used in treatment of AUD.
Developed in Europe in 1989 and approved by the FDA in 2004, acamprosate is now one
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of the most commonly prescribed drugs for AUD in the US105. The drug is relatively
well tolerated, with the most common side effects seen being flatulence and diarrhea107.
The most positive outcomes when taking acamprosate are seen in patients with the clear
goal of abstinence173. Those with healthy BMI and gamma-glutamyltransferase (GGT)
levels may also see increased benefits from taking acamprosate126. Acamprosate has
been shown to have an effect on GABAA140,142,144, NMDA141, and mGluR receptors158,
although the exact mechanism has not yet been clearly identified. Recent studies point
towards an indirect effect on these receptors mediated by calcium levels160,161.
Research into acamprosate’s effects on behavior and memory is scarce with
mixed results116,131,132, emphasizing the need for more examination of this topic. Based
on previous literature, the hypothesis was that higher individual doses of acamprosate
tested would cause a reduction in working memory performance exemplified by a lower
amount of correct trials on the DMTS task, while moderate to lower doses were expected
to produce no change in DMTS task performance. When administered after alcohol,
acamprosate was not expected to improve any impairment seen by alcohol in the DMTS
task due to its abstinence promoting effects also disappearing once alcohol has been
consumed.
Results of the following study reveal acamprosate may be faciliatory on measures
such as WM and attention at lower doses, and possibly detrimental at moderate to higher
doses. The effects of alcohol in this study shows the resilience of WM and impairment of
attentional abilities, which seems to agree with previous literature. When administered
after being exposed to alcohol, acamprosate seemingly improved attentional abilities, but
seemed to worsen WM performance. The results of these experiments provide
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groundwork for future studies on acamprosate’s behavioral effects related to behavior
and memory.
MATERIALS AND METHODS
NON-HUMAN PRIMATE
This study was conducted in an adult, male rhesus macaque (macaca mulatta),
age 13. The monkey had a lengthy history of performing the DMTS task for five days a
week for several years before this study. As part of a separate pilot study that examined
the impact of low, moderate and heavy alcohol consumption on resting state brain
function, the monkey consumed escalating doses of alcohol (0.25,0.75 and 1.5 g/kg) for
roughly 2 months at each dose in the two years prior to this study. The NHP was water
restricted based on weight prior to and during this study to encourage participation in the
task.
DELAYED MATCH-TO-SAMPLE TASK
The NHP was tested on a delayed match-to-sample task (Figure 1). The task was
performed five days a week with or without drug. Sitting in a primate chair, the NHP
was placed in an operant box in view of a display screen after having a UV-fluorescent
wristband placed onto the right hand. The attached wristband allowed for hand
movement tracking via a 15 W UV lamp and an LCD camera placed above the animal.
Computers connected to the cameras allow for the NHP’s hand movements to be
displayed as a cursor on the task display screen.
To begin the task, the cursor is placed in a central circle (start signal) after which
an image is subsequently presented in one of eight different positions on the display
screen (sample presentation). In order advance from the sample presentation phase, the
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NHP had to hover the cursor over the presented image (sample response). Following the
sample response (SR), a variable delay of 5-30s during which the display screen was
blank. After the end of the delay, 2-5 images were presented in separate spatial locations
on the screen (match phase), one of which was the image presented in the sample
presentation phase. The NHP was then required to place the cursor on one of the
presented images (match response). A correct response resulted in a reward (juice
presented through a tube positioned before beginning the task), while an incorrect
response led to a blank screen without any juice reward. The NHP performed the task for
a varying amount of trials depending on performance and time. The task was completed
each day once the NHP completed either 100 trials or 90 minutes of the task. Baseline
performance measures were collected on a daily basis for 30 days prior to alcohol
consumption for this study. DMTS performance occurred during morning sessions.
Alcohol consumption (1.0 g/kg or 4 drinks/day equivalent) occurred immediately
following task performance in order to avoid the effects of alcohol intoxication on task
performance.
For the purposes of analysis, individual trials were broken down into high
cognitive load groups. High cognitive load is defined as a delay between sample and
match phase of 20 seconds or more, with greater than four images displayed during the
match phase of the task. Insufficient low load trials occurred due to the randomness of
the delay period and number of images presented in the match phase which prevented any
low cognitive load trial analysis.
All animal procedures were reviewed and approved by the Institutional Animal
Care and Use Committee of Wake Forest University, in accordance with U.S.
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Department of Agriculture, International Association for the Assessment and
Accreditation of Laboratory Animal Care, and National Institutes of Health guidelines.
DRUG PREPARATION AND ADMINISTRATION
ACAMPROSATE
Acamprosate was administered via intramuscular injection (IM) 30 minutes
before performing the DMTS task to allow the drug to take effect. Dosages tested were
0.5, 0.75, 1.0, and 2.6 mg/kg. Each of the four dosages were tested twice. The drug was
weighed out and dissolved in sufficient sterile water to produce a 10 mg/kg stock solution.
After stock preparation, it was filter sterilized and injected through a .22µm syringe filter
into a capped sterile vial. Each dose was injected into the quadriceps muscle of the NHP.
Due to a higher injection volume during the highest tested dose (2.6 mg/kg), two
injections were necessary and were given on opposite muscles.
ALCOHOL
The monkey had access to alcohol (1.0 g/kg) for the duration of the study.
Alcohol was provided after completion of the DMTS task via a bottle placed on the
NHP’s cage. The alcohol was mixed with juice to encourage drinking, and a
supplementary bottle of 100 ml of water was given in tandem in order to prevent excess
dehydration. Consumption of the alcohol was confirmed each day by observation of the
NHP throughout the day after presentation of the bottle containing the alcohol. During
testing of the alcohol and acamprosate with alcohol, the NHP received alcohol seven days
of the week for two weeks.
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ACAMPROSATE AND ALCOHOL
The NHP received acamprosate and alcohol in the same fashion as when they
were administered separately. Acamprosate (0.75 mg/kg) was injected IM 30 minutes
before beginning the DMTS task. Alcohol administration began the day before
coadministration with acamprosate to allow the effects of alcohol to take place before
acamprosate administration. During days of task performance, alcohol was provided
after completion of the DMTS task (1.0 g/kg). Consumption of the alcohol was
confirmed each day by observation of the NHP and the volume throughout the day after
presentation of the bottle containing the alcohol.
STATISTICAL ANALYSES
To interpret the collected data, both descriptive statistics and statistical conclusion
methods were used. The normality of the data distributions was assessed using the
Shapiro-Wilk test. A one way analysis of variance (ANOVA) was used to assess
possible differences between parametric groups, followed by the Student-Newman-Keuls
Method for post hoc pairwise comparison. Groups that failed the initial ANOVA were
not subject to any post hoc comparisons.
Possible differences between non-parametric groups were assessed using the
Kruskal-Wallis ANOVA on Ranks Test when k > 2 groups. In order to analyze the
differences in high cognitive load trials between groups, individual means for each dose
and load were obtained, then compared using the Kruskal-Wallis test (ex: 0.5 mg/kg high
load match percentage correct vs 0.75 mg/kg high load percentage correct, etc). Those
groups were then subject to post hoc analyses. Dunn’s Method was used as a non36

parametric pairwise comparison to assess contrasts in group means. For all statistical
assessments, α=0.05 was the maximum accepted value for type I error.
RESULTS
ALCOHOL
The effects of 1.0 g/kg alcohol on DMTS performance measures were assessed
prior to co-administration of acamprosate (Figure 4). Alcohol was consumed daily for
seven days/wk for 14 days. Alcohol (1.0 g/kg) did not significantly alter average SR
latency, MR latency, or percentage correct in the DMTS task when compared to control
trials. However, alcohol did cause significant increases in average FR latency (p=0.026)
and significant decreases in average number of trials performed (M=47.2 trials, p=0.003)
compared to the control (M=88.3 trials).
ACAMPROSATE
Differing dose dependent effects were seen on DMTS task parameters due to
acamprosate administration (Figure 2). The 0.75 mg/kg dose was significantly lower
than all other doses on average in SR latency (p=<0.001 vs. 1 mg/kg and control, p=0.001
vs. 0.5 mg/kg, p=0.002 vs. 2.6 mg/kg). No other significant differences were seen in the
SR latency measure. For match response (MR) latency, the 0.75 mg/kg dose
(SEM=0.212) was significantly better than 1.0 mg/kg (p=<0.001) and control (p<0.001)
groups but was not significantly different from 0.5 mg/kg and 2.6 mg/kg averages. The
1.0 mg/kg group was significantly worse in MR latency than all other groups including
control (p=<0.001 for all comparisons). For focus ring (FR) latency, the 0.75 mg/kg dose
(SEM=2.804) was significantly better than all other doses, including control (p=<0.001
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when compared to 1.0 mg/kg, 2.6 mg/kg, and control, p=0.029 when compared to 0.5
mg/kg). In contrast, the 1.0 mg/kg dose (SEM=7.172) was significantly worse than all
other doses including the control group for mean FR latency (p=<0.001 for all
comparisons). No differences were seen in mean percentage correct between doses and
control. Analysis of cognitive load revealed little differences between doses (Figure 3).
There were no significant differences between mean MR latencies or percentage correct
for high cognitive load.

Figure 1: An example of a single delayed match-to-sample trial. The task requires the
participant to hover over a focus ring in order to have the sample image presented. The
sample image then disappears and is followed by a delay period once the participant
hovers over the image. Then, the participant is required to select the previously presented
image for the response to be correct.
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Figure 2: Results of the DMTS task for individual doses of acamprosate compared to
control trials. (A): SR Latency: 0.75 mg/kg dose of acamprosate (SEM=0.480) is
significantly faster than all other groups (p=<0.002 for all comparisons). No other
differences were seen. (B): MR Latency: 0.75 mg/kg dose of acamprosate (SEM=0.212)
performed significantly better than 1.0 mg/kg and control groups (p=<0.001 and p=0.011
respectively). 1.0 mg/kg dose (SEM=2.455) performed significantly worse than all other
groups (p=<0.001 for all comparisons). (C): FR Latency: 0.75 mg/kg (SEM=2.804) dose
was significantly better than all other groups (p=0.029 vs 0.5 mg/kg dose, p=<0.001 for
all other comparisons). 1 mg/kg dose (SEM=7.172) was significantly worse than all
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other groups (p=<0.001 for all comparisons). (D): Mean Percentage Correct: 0.75 mg/kg
dose (SEM=0.032) performed better than 1.0 mg/kg dose (SEM=0.047) (p=0.046). No
other significant differences were seen. (DMTS=delayed match-to-sample, SR=sample
response, MR=match response, FR=focus ring, SEM=standard error of mean).

Figure 3: Results of the DMTS task for acamprosate doses separated by high cognitive
load compared to combined averages (mean ± SEM). (A): No significant differences
were seen in high cognitive load MR latencies. (B): Average 1.0 mg/kg latencies were
significantly higher than all other groups. 0.75 mg/kg latencies were significantly lower
only when compared to 1 mg/kg and control groups. No other differences were seen. (C):
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No significant differences between mean percentage correct groups were seen for high
load trials. (D): No differences were seen in overall mean percentage correct between
doses and control. (High cognitive load= >20 second delays and >4 images, DMTS=
delayed match-to-sample task, MR=match response, SEM=standard error of the mean).
ACAMPROSATE AND ALCOHOL
Next, we examined the effects of acamprosate when administered after alcohol
consumption (AA) to control and alcohol trials (Figure 4). The 0.75 mg/kg dose of
acamprosate was chosen to use with the alcohol due to the results of the individual doses
suggesting the 0.75 mg/kg dose was the most faciliatory among the doses tested. No
significant effects were seen on SR latencies or MR latencies. A decline in mean
percentage correct (p=<0.001) was seen in AA trials (SEM=0.028) vs control trials
(SEM=0.017). While there was no significant difference between SR latencies, an
inverse trend can be seen between SR latency and percentage correct. A significant
effect on FR latency (p=0.026) was seen between control trials (SEM=2.247) and alcohol
trials (SEM=7.960). There was no significant difference in FR latency between control
trials and AA trials (SEM=5.537). When broken down to high cognitive load, there were
no significant differences for either percentage correct or MR latencies (Figure 5). When
comparing the average number of trials performed for alcohol and AA sessions, no
significant differences were found. However, an upward trend in number of trials can be
seen from the week of alcohol sessions to the week of AA sessions (Figure 6).
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Figure 4: Results of the DMTS task for control, alcohol, and acamprosate and alcohol
trials (mean ± SEM). (A): The 0.75 mg/kg dose of acamprosate was significantly faster
on average than other groups (p=<0.001). (B): The 0.75 mg/kg dose of acamprosate was
significantly faster on average than other groups (p=<0.001). (C): A significant increase
on mean FR latency was seen in alcohol trials compared to control (p=0.026). There was
no significant difference between AA and control trials. (D): AA trials were significantly
worse on average than control trials (p=<0.001). No significant differences were seen
between mean alcohol and control trials. (AA=acamprosate with alcohol,
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DMTS=delayed match-to-sample, FR=focus ring, MR=match response, SR=sample
response, SEM=standard error of the mean).

Figure 5: Results of the DMTS task separated by high cognitive load compared to
combined averages (mean ± SEM). (A): The 0.75 mg/kg dose of acamprosate was
significantly faster on average than other groups (p=<0.001). (B): The 0.75 mg/kg dose
of acamprosate was significantly faster on average than other groups (p=<0.001). (C):
There were no differences seen in mean percentage correct high load groups. (D): AA
trials were significantly worse overall on average than control trials (p=<0.001). (High

43

cognitive load= >20 second delays and >4 images, DMTS=delayed match-to-sample task,
SEM=standard error of the mean).

Figure 6: Number of trials performed in the DMTS task throughout the testing of alcohol
and AA groups. Alcohol administration (1.0 g/kg) began a day before the alcohol
administration period (black dots), and continued throughout the acamprosate (0.75
mg/kg) and alcohol (1.0 g/kg) administration period (red dots). Average number of trials
was not significantly different between the alcohol (M=47.2) and AA groups (M=52.3).
(DMTS=delayed match-to-sample, AA= acamprosate with alcohol).
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DISCUSSION
This study provides novel results of acamprosate’s dose-dependent effects on
cognition in a NHP model of alcohol self-administration. The results shown in this study
suggest that acamprosate may be faciliatory on measures such as WM and attention at
lower doses, and possibly detrimental at moderate to higher doses. The detrimental
effects of alcohol on attentional abilities were also demonstrated in this study. When
administered after alcohol consumption, acamprosate seemingly improved attentional
abilities, but seemed to worsen WM performance.
The effects of alcohol demonstrated in this study used a 1.0 g/kg (4 drinks a day)
dose, which is considered light drinking by NHP standards28. Focus ring latency (the
time it takes the NHP to begin each DMTS trial) was the only measure significantly
impaired when compared to control trials. Perhaps unsurprisingly, overall WM
performance (MR latency, mean percentage correct on the DMTS task) seemed to be
more resilient to alcohol’s effects. This aligns with previous studies that have shown that
WM is more resistant to alcohol’s effects than other types of memory35,36. These results
also agree with previous studies that have shown impairments in sustained attention due
to alcohol38,39.
Further breakdown of these results between high cognitive load and overall
results also indicate no difference between control, alcohol, and AA groups. This seems
to agree with previous neuroimaging studies that have shown activation of areas such as
the PFC increases with higher WM loads, indicating a higher level of allocated resources
for harder tasks175,176. As previously shown, however, communication between these
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areas via theta-gamma oscillations are likely impaired by alcohol101,102. The dosage of
alcohol used in this study (1.0 g/kg=4 drinks/day) is considered light drinking, which
seems to be enough to impair measures such as attention. However, it may take higher
doses to impair WM performance at higher cognitive loads.
The current results of these tests show that a lower dose of acamprosate may
improve attentional abilities, reaction time, and WM capabilities. In contrast, moderate
to higher doses may impair these measures. When compared to previous studies, these
results partially agree with results in healthy patients that show a reduction in WM
performance, but an increase in reaction time116,130. In contrast, these results conflict with
results from a study in patients with comorbid AUD and schizophrenia showing no
impairment in WM or other measures using a higher dose of acamprosate131. This may
be due to the fact that those with schizophrenia are known to already have cognitive
impairment132. However, this study was limited in that each dose was tested twice in one
subject, limiting the conclusions that can be made from these results. Further
confirmation of these results is needed, but if proven reliable, this study may have certain
clinical implications. Mainly, if a patient experiences cognitive impairment at the
standard doses of acamprosate, a switch to a lower dose may remedy those impairments
while also serving its original purpose of maintaining abstinence. This may or may not
be possible depending on a patient’s cravings, as the highest dose tested in this study (2.6
mg/kg, which is roughly equivalent to 0.2168 g) is still not equivalent to the most
commonly used single dose in humans (.666 g given three times daily). Also, these
results seem to agree with the growing notion in clinical medicine that highly
individualized treatment plans for each patient are necessary and can be significantly
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beneficial to patients177. Furthermore, this study suggests that these lower doses may be
ideal for use in studies experimenting with acamprosate to treat other disorders such as
anxiety and depression due to its possible faciliatory effects.
Previous experiments have shown that NMDA receptor activation along with
AMPA modulated mGluR activity facilitate memory performance, including high load
trials178,179. Acamprosate is known to be an antagonist to both NMDA and mGlu
receptors139,141,158, while also being a possible agonist to GABAA receptors142,144.
Antagonistic activity at NMDA and mGlu receptors would be expected to not improve
performance on high load trials. Analysis of high cognitive load trials between individual
acamprosate doses revealed that no individual dose was particularly faciliatory on high
load trials. This not only agrees with the previously mentioned studies178,179, but also
suggests that the faciliatory effects seen at lower doses of acamprosate are due to the
agonism of GABAA receptors.
Administration of acamprosate after a history of alcohol consumption revealed
that acamprosate may not be able to improve the performance deficits caused by alcohol.
The dose of acamprosate (0.75 mg/kg) used in tandem with alcohol was chosen due to the
faciliatory effects seen when administered alone. However, this dose was seemingly
unable to produce the same effects when administered after alcohol exposure. Results
showed a marked improvement in sustained attention, no improvement in SR or MR
latencies, and worse WM performance. An inverse trend between SR latency and
percentage correct can be seen (Figure 4). This may indicate a deficit in procedural
memory of the NHP that tracks the current phase of the task. Due to this, reaction times
may worsen, leading to decreased WM performance.
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Previous literature suggests that acamprosate is not efficacious in preventing
drinking once a single drink has already been consumed123,125. This agrees with results
from this study, where acamprosate did not deter drinking when administered after
alcohol. The same logic may apply to behavioral abilities; once alcohol has been
consumed, acamprosate may no longer have the potential to restore those abilities as
shown by the results of this study. The improvement in FR latency may be attributed to
acamprosate’s ability to improve withdrawal symptoms by normalizing the hyperglutamatergic state seen in withdrawal155,156, making it easier for subjects to focus.
Conversely, these results may indicate acamprosate exacerbates alcohol’s effects on
response inhibition. Alcohol has been shown to reduce the ability of subjects to stop
intended movements once a decision has been made;29,30,31 this may lead to an
improvement in reaction time but could be detrimental to making a correct decision.
Examination of the average number of trials performed through the testing period
revealed no significant differences between alcohol and AA groups. However, an
upward trend in the number of trials performed each day was seen during the week of
acamprosate administration with alcohol. This could possibly indicate a gradual
restoration of attentional abilities that might occur with additional testing over time and
warrants further examination.
Overall, our results appear to be consistent with previous literature concerning
alcohol and acamprosate. Impairment in attentional ability resulted from alcohol
consumption, but WM seemed more resistant to its effects. Also, acamprosate may
exacerbate alcohol’s effects on response inhibition, exemplified by a decrease in FR
latency along with a decrease in WM performance. Novel results from this study points
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toward lower doses of acamprosate being faciliatory, and mid to higher doses possibly
impairing, but only without co-consumption of alcohol.
Future directions of this study will seek to confirm these results by testing these
doses for a longer period of time in a larger group of NHPs. Intermediate doses between
the 1.0 and 2.6 mg/kg doses would also be necessary to confirm that moderate doses of
acamprosate are the most impairing. Simultaneous EEG recording during behavioral
tasks would allow for comparison of theta-gamma coupling to behavioral data. Results in
this study suggest that acamprosate may worsen the possible effects of alcohol on
theta/gamma coupling when administered when alcohol has already been consumed.
However, it may improve theta/gamma coupling when used in a detoxified subject. A
drug such as naltrexone may be administered alongside alcohol consumption to see if it
would prove more efficacious than acamprosate at rescuing WM abilities.
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