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Abstract

Introduction—Microdialysis is an important in vivo sampling technique, useful in the assay of
extracellular tissue fluid. The technique has both pre-clinical and clinical applications but is most
widely used in neuroscience. The in vivo microdialysis technique allows measurement of
neurotransmitters such as acetycholine (ACh), the biogenic amines including dopamine (DA),
norepinephrine (NE) and serotonin (5-HT), amino acids such as glutamate (Glu) and gamma
aminobutyric acid (GABA), as well as the metabolites of the aforementioned neurotransmitters,
and neuropeptides in neuronal extracellular fluid in discrete brain regions of laboratory animals
such as rodents and non-human primates.

Areas covered—In this review we present a brief overview of the principles and procedures
related to in vivo microdialysis and detail the use of this technique in the pre-clinical measurement
of drugs designed to be used in the treatment of chemical addiction, neurodegenerative diseases
such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and as well as psychiatric disorders
such as attention-deficit/hyperactivity disorder (ADHD) and schizophrenia. This review offers
insight into the tremendous utility and versatility of this technique in pursuing
neuropharmacological investigations as well its significant potential in rational drug discovery.
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Expert opinion—In vivo microdialysis is an extremely versatile technique, routinely used in the
neuropharmacological investigation of drugs used for the treatment of neurological disorders. This
technique has been a boon in the elucidation of the neurochemical profile and mechanism of
action of several classes of drugs especially their effects on neurotransmitter systems. The
exploitation and development of this technique for drug discovery in the near future will enable
investigational new drug candidates to be rapidly moved into the clinical trial stages and to market
thus providing new successful therapies for neurological diseases that are currently in demand.

1 INTRODUCTION

1.1 Background and historical perspective

Microdialysis is a relatively novel sampling technique which has been extensively used
primarily for the characterization and assessment of the neuropharmacodynamic profile of
drugs in in vivo rodent as well as non-human primate studies [1]. In recent years, this
technique has found extensive application in neurotransmitter research, in particular in the
investigation of drug effects on monoamine and amino acid neurotransmitters [2]. Although
microdialysis is used as a sampling technique in several organ systems such as blood, eye,
liver, muscle etc., it owes its development to attempts at extracellular fluid measurements in
the brain; an application for which microdialysis has found most extensive use. The in vivo
microdialysis technique essentially began with the push-pull method in the 1960s which
examined the possibility of using a semi-permeable membrane to sample free amino acids
and other electrolytes in neuronal extracellular fluid. The technique was further improved by
the development of the dialysis bag — ‘the dialytrode’ — as a means to collect the dialysis
sample. However, the successful use and current popularity of the in vivo microdialysis
technique worldwide in quantification of neurotransmitter levels in awake-freely-moving
laboratory animals is primarily due to the significant contributions of Ungerstedt and
colleagues during the 1970s and 1980s at the Karolinska Institute in Stockholm, Sweden
[3,4].

1.2 Principles of microdialysis

In this section we present a summary of the principal concepts involved in the use of this
versatile technique. The principle of microdialysis is primarily explained by Fick’s law of
diffusion, which results in the passive passage of molecules across a concentration gradient.
In this technique, a semipermeable membrane is introduced into the tissue. The membrane is
perfused with a liquid that equilibrates with the tissue fluid outside the membrane due to
bidirectional diffusion. The microdialysis technique is a complex interplay between the
dialysis membrane-containing tube “the probe”, the perfusion liquid, the living tissue and
the extracellular fluid containing the molecules of interest. The components of the tissue
fluid, depending on the organ system which is perfused, may contain electrolytes,
neurotransmitters, neuromodulators etc. which after equilibration are present in the dialysate
outflow. Several reviews describe the theory and underlying general principles of in vivo
microdialysis in general and brain microdialysis in particular. Vital concepts such as probe
recovery, flow rate determination, zero-net flux method, reverse dialysis, data interpretation,
spatial and temporal resolution as well as problems such as tissue damage, are discussed in
detail in these reviews [1,4-11].

1.3 General features and procedures of brain in vivo microdialysis

Ungerstedt [4] provides a review of the essential features of brain microdialysis. The most
unique feature of the in vivo microdialysis technique is that it allows for a continuous
collection of extracellular fluid in live awake animals as opposed to tissue sample obtained
after biopsy. The technique also finds use in delivering low molecular weight drugs, as well
as drugs which do not cross the blood-brain barrier, to specific brain regions. Drug delivery
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is accomplished by using the principle of reverse dialysis. The technique also offers an
unparalleled advantage as regards analysis of the dialysate fluid. Since the semi-permeable
membrane of the dialysis probe allows the transfer of relatively small molecules such as
neurotransmitters, the dialysate is free of tissue debris, blood, proteins etc. and thus can be
directly analyzed without further purification.

The technique essentially involves surgical implantation of a semi-permeable membrane-
containing probe or guide cannula. Perfusion fluid is pumped into the probe via a perfusion
pump at an optimum slow rate (generally 1.8 — 2.2 ul/min) and dialysate is collected, post
equilibration, via a collection device. Samples are either collected manually, via a fraction
collector or injected directly online into an analytical system [see Figure 1]. Chefer and
colleagues [12] have described the procedural aspects of brain microdialysis in exacting
detail.

1.4 Brain in vivo microdialysis

The in vivo microdialysis technique has been a mainstay of neuropharmacology research and
has played a singularly important role in the elucidation of the neurochemical effects of
drugs on the synaptic release of monoamine neurotransmitters such as DA, 5-HT and NE;
amino acid neurotransmitters such as Glu and GABA as well as ACh in discrete brain
regions of laboratory animals such as rodents, both rats and mice, as well as to a limited
extent non-human primates [1,5,6,13]. One of the important features responsible for the
success of this technique in neurochemical investigation is the development of sophisticated
analytical techniques capable of accurate detection of extremely small quantities of the
molecules of interest. Developments in analytical chemistry with the advent of techniques
such as liquid chromatography, mass spectrometry, electrochemical detection etc have been
instrumental in the popular use of the microdialysis methodology in neurochemistry [14—
16].

The monoaminergic hypothesis of depression essentially implicates low levels of
monoamine neurotransmitters in the pathophysiology of major depressive disorders. This
fact has been an important feature in the development of therapeutic agents for the treatment
of depression. The overall objective of antidepressant therapy over the past several decades
has been to increase monoamine neurotransmitter concentration at the synapse.
Antidepressant agents produce elevated monoamine levels either by inhibiting monoamine
metabolizing enzymes such as monoamine oxidase or catechol-O-methyltransferase or by
monoamine transporter blockade and inhibiting neurotransmitter reuptake. The in vivo
microdialysis technique has found tremendous use in the development of second and third
generation antidepressants which have revolutionized the pharmacotherapy of major
depressive disorders. Microdialysis has been extremely useful in the neurochemical
characterization and elucidation of the pharmacological profile of several classes of
established as well as novel classes of antidepressants such as selective 5-HT reuptake
inhibitors (SSRI), NE reuptake inhibitors (NRI), NE-5-HT reuptake inhibitors (NSRI), 5-
HT-NE-DA reuptake inhibitors (SNDRI) etc. Since there exists extensive literature on
microdialysis studies investigating the effects of clinically used, established as well as novel
antidepressants, this topic will not be discussed in this review. Several excellent reviews
highlighting the monoaminerigc theories of depression as well as the role of microdialysis in
the development of pharmacotherapeutic agents for the treatment of depression have been
cited [17-21].

Here, we review the use of the in vivo microdialysis technique in the elucidation of the

neurochemical and pharmacological effects on neurotransmitter systems by drugs used in
the treatment of addiction of drugs of abuse such as psychostimulants, neurodegenerative
diseases such as AD and PD, and psychiatric disorders such as schizophrenia and ADHD.
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2 Neurochemical characterization of amphetamines and the development of
novel treatment agents for psychostimulant addiction using in vivo
microdialysis

2.1 Psychopharmacology of amphetamines

Amphetamine and its substituted analogs such as methamphetamine (METH), 3,4-
methylenedioxymethamphetamine (MDMA), paramethoxyamphetamine (PMA), as well as
several others, form a major class of widely abused psychostimulant drugs. Amphetamine
abuse is of serious concern and its incidence continues to increase globally and in the United
States [22]. The acute effects of these drugs include euphoria, alertness, hyperthermia,
hallucinations and hyperlocomotion, while long-term use produces psychosis as well as
serious neurotoxic consequences [23]. One of the most significant acute neurochemical
effects of this class of drugs is increased neurotransmitter release in multiple brain regions.
Amphetamines cause reverse transport of neurotransmitters from the transporters at nerve
terminals, promote their release from storage vesicles while inhibiting their reuptake which
results in increased synaptic concentrations and enhanced neurotransmission of the biogenic
amines DA, NE, 5-HT as well as ACh and Glu in multiple brain regions [24,25].
Amphetamine and various of its substituted derivatives exhibit differential potencies for
effects on the various transporters. Amphetamine and METH exhibit considerably greater
affinity for the DA transporter (DAT) while MDMA and fenfluramine produce considerable
5-HT release due to their primary effect on the 5-HT transporter (SERT) [26].

2.2 Neurochemical effects of amphetamines: in vivo microdialysis studies

Although in vitro studies using superfused brain slices or synaptosome preparations and in
vivo studies employing in vivo voltammetry have contributed to our knowledge of the
neuropharmacology of amphetamines, the in vivo microdialysis technique has been of
paramount value in characterizing the effects of amphetamines. In this section, we review
the neurochemical effects of amphetamine, METH and MDMA on DA and 5-HT release in
various brain regions as elucidated using rodent in vivo microdialysis.

2.2.1 DA release—The amphetamine-induced release of DA in the striatum, which is
presumed to contribute to its acute hyperlocomotor effect, has been repeatedly demonstrated
by investigators. Amphetamine, METH, as well as MDMA, produce a robust increase in
extracellular DA concentrations in the striatum. This process has been shown to be both
transporter- and impulse-mediated for various amphetamines (e.g. MDMA, amphetamine)
[27-30]. Amphetamines have also been shown to produce a robust effect on the
dopaminergic mesolimbic and mesocortical pathways, implicated in its addictive properties.
Shoblock and co-workers [31] have shown that both amphetamine and METH produced DA
efflux in nucleus accumbens (NAc) and the medial prefrontal cortex (PFC) in rats. MDMA
has also been shown to elevate limbic, cortical and hippocampal extracellular DA
concentrations [32—34]. In addition, activation of 5-HT,a receptors has been shown to
contribute to the magnitude of METH- and MDMA-induced DA release in various brain
regions in studies employing in vivo microdialysis [35,36].

2.2.2. 5-HT release—Although not as well characterized as the effects of amphetamines
on DA release, several reports document the effects of amphetamine and METH on
serotonergic neurons and neuronal 5-HT release. Kuczenski et al. [37] reported an increase
in extracellular 5-HT in the striatum after amphetamine and METH treatment. However,
Gough and colleagues [30] have shown increased 5-HT release in the rat caudate after
amphetamine, but not after METH administration. MDMA has been shown to enhance 5-HT
release in various brain regions. MDMA administration resulted in a dose-dependent
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increase in striatal, cortical and hippocampal extracellular 5-HT. Fluoxetine pretreatment
attenuated MDMA-induced 5-HT release, providing evidence for a role of SERT in
mediating the MDMA-induced neuronal 5-HT efflux [38,39]. Recently, Baumann et al. [40]
measured parameters of locomotor activity along with DA and 5-HT microdialysate levels
in MDMA-treated rats. Whereas MDMA-induced striatal DA efflux correlated with
increased locomotion, the increases in extracellular 5-HT in the striatum and cortex
correlated positively with increased stereotypy.

2.3 Agonist therapy for psychostimulant addiction: dual DA/5-HT releasers

In recent years, several pharmacological strategies for the treatment of psychostimulant

(e.g., METH and cocaine) abuse have included the development of nonselective inhibitors of
DAT and SERT, as well as dual DA/5-HT releasers. [41-44]. Herein, we briefly summarize
in vivo microdialysis studies employed in the development of certain novel amphetamine-
like compounds with dual DA/5-HT release properties for the treatment of METH and
cocaine addiction.

The cocaine- and METH-induced “high” is mediated by elevated extracellular DA
concentrations in the mesolimbic reward circuit, which has been proposed as also is the
principal cause of addiction. Chronic psychostimulant abuse produces long-term changes in
neurochemistry and synaptic plasticity, whereas their withdrawal produces severe mood and
behavioral deficits due to impaired 5-HT neuronal function and DA depletion [45]. In view
of clinical evidence indicating that negative states associated with drug withdrawal remain
an important factor in drug relapse, several strategies have been initiated to target these
deficit states. Rothman and colleagues [41,42] discuss the rationale behind the development
of dual 5-HT/DA releasers for “agonist therapy” in the treatment of cocaine and METH
addiction. Although stimulants such as amphetamine have been used in the treatment
cocaine and METH abuse, their use has limited therapeutic value due to inherent abuse
potential. It has been hypothesized that increased synaptic 5-HT concentrations counteract
the reinforcing and addictive effects of stimulant-induced DA elevations. Notably, the
combined administration of phentermine, a DA releaser along with fenfluramine, a potent 5-
HT releaser, showed considerable potential in the treatment of cocaine dependence. Thus,
one strategy proposed to decrease the abuse liability of candidate medications for stimulant
agonist therapy is to add 5-HT releasing properties to these drugs [46].

A series of agents acting on biogenic amine transporters was synthesized and evaluated for
their DA and 5-HT release profile in the NAc and PFC utilizing both in vitro synaptosomal
preparations and the in vivo microdialysis technique in rodents [41]. The test compounds
consisted essentially of substituted amphetamines (e.g. PAL-287, PAL-303, PAL-313,
PAL-314 and PAP-353); they produced DA release equivalent to amphetamine-induced DA
efflux and exhibited varying potency as 5-HT releasers. Although PAL-287-induced
elevations in dialysate DA concentrations that were comparable to amphetamine, its potency
for 5-HT release was almost 1,000-fold greater than amphetamine. Despite producing
elevated extracellular DA, PAL-287 produced minimal ambulatory activity, in contrast with
the hyperlocomotion produced by amphetamine at similarly elevated extracellular DA
concentrations. Although the PAL compounds showed potential for self-administration, a
sign of positive reinforcement, the effect was inversely proportional to their potency for 5-
HT release. PAL-287, which demonstrated pronounced 5-HT release, exhibited minimal
self-administration in rhesus monkeys [41]. Negus et al. [47] have shown that the novel dual
5-HT/DA releasing substituted amphetamine compounds, PAL-287, PAL-314 and PAL-353,
produced reductions in both cocaine discrimination, as well as cocaine self-administration in
rhesus monkeys. Results of these studies highlight the potential usefulness of these agents as
targets for agonist therapy for cocaine and METH addiction.

Expert Opin Drug Discov. Author manuscript; available in PMC 2012 February 1.



Darvesh et al. Page 6

3 Microdialysis studies predict the therapeutic efficacy of drugs used in the
treatment of ADHD

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

ADHD is characterized by symptoms that include hyperactivity, impulsivity, inattentiveness
and cognitive impairment. It is thought that the underlying cause of ADHD lies within the
PFC and its connection to the striatal areas [48,49]. The lack of inhibitory control centered
in the frontal cortex is thought to derive from a dysfunction in dopaminergic and
noradrenergic innervations. These innervations are involved in regulating impulsivity and
hyperactivity found in ADHD patients [50]. Drugs effective in the treatment of ADHD are
thought to act by enhancing the monoaminergic transmission of these pathways through an
increase in monoamine levels within the frontal cortex or by direct stimulation of adrenergic
and/or dopaminergic receptors. The primary drugs used to treat ADHD include
methylphenidate (MPH), atomoxetine (ATX), and guanfacine.

MPH increases both NE and DA levels in the brain through its ability to inhibit monoamine
reuptake and cause its release. Although beneficial in the PFC, this excess of monoamines in
other brain areas could result in unwanted abuse potential. However, microdialysis studies in
male Sprague-Dawley rats demonstrated that there is a preferential increase in DA in the
PFC relative to the NAc when low doses of MPH were used [51]. In this study, DA reached
maximum levels in both the PFC and NAc 32 minutes after intraperitoneal administration of
MPH. At the maximum dose used, 1 mg/kg, MPH produced a 200% and 100% increase in
DA over baseline in the PFC and NAc respectively. Similar differences were also observed
when MPH was administered orally at 2 mg/kg. An approximate 125% increase above
baseline was observed in the PFC relative to a 50% increase above baseline in the NAc [51].
These data indicate the selectivity of MPH in enhancing monoamine levels in the PFC to
achieve therapeutic outcomes.

The NE reuptake inhibitor ATX has also been shown to produce increases in both DA and
NE in the PFC in the rat as determined by brain microdialysis [52]. However, ATX has also
been shown to increase NE levels throughout the brain without increasing DA levels
excluding the PFC [53]. The PFC is unique in this regard due to its sole use of the NE
transporter for the reuptake of both NE and DA. The inhibition of this transporter effectively
increases both monoamines selectively in the PFC [53]. The inability of ATX to increase
DA in brain regions other than the PFC has limited its abuse liability. For example, no
increase in DA was observed in the NAc after ATX administration in the rat [52].

Recently it has been demonstrated that both ATX and MPH increase histamine in the PFC of
the rat [54]. Histamine plays an important role in attention, learning, and memory and has
been shown to be activated through dopaminergic mechanisms. The benefit of increasing
histamine levels on learning was clearly demonstrated when treating the spontaneously
hypertensive rat (SHR) [55,56]. In the study by Liu et al. [55], it was shown that ATX
significantly enhanced the performance of the SHR in the Morris water maze. This
behavioral test confirms the beneficial effects of ATX on learning and memory through, at
least in part, its histamine actions. Rat microdialysis experiments permit investigators to
predict the potential efficacy of a drug by measuring drug-induced alterations in monoamine
concentrations. In addition, these data also afford researchers an insight into other
neurotransmitters that may be affected by drugs. For example, the stimulation of histamine
release with DA and/or adrenergic receptor agonists could also be used as a marker of
efficacy. Guanfacine, being an ap-adrenoceptor agonist, may also elicit its effects through
additional mechanisms. Unfortunately, there are limited microdialysis data on the effects of
guanfacine on neurotransmitter release in the brain. As guanfacine-mediated aya-
adrenoceptor agonism occurs post-synaptically, microdialysis would not be useful in the
investigation of its clinical efficacy as compared to that of psychostimulants used in the
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treatment of ADHD [57]. In addition, new therapies that are being proposed may also
benefit from analysis by brain microdialysis. The selective DA D4 receptor agonist
A-412997 may in part manifest its actions through the release of histamine [58]. Such a
release of histamine could help explain its ability to improve cognition [59]. Another
example would be the combination of 5-HT1 5 agonist and NE reuptake inhibitor activity for
the treatment of ADHD [60]. Recently, microdialysis studies would help predict novel
compounds containing both NE reuptake inhibition and 5-HT1 5 partial agonist activities
[61]. Several of these studies indeed raise the possibility that 5-HTq partial agonism may
contribute to the ability of NE uptake inhibitor to selectively enhance cortical DA
transmission [61].

4 Neurochemical characterization of the mechanism of action of typical and
atypical antipsychotics using in vivo microdialysis

4.1 Typical and Atypical antipsychotics

The defining characteristic of an atypical antipsychotic drug (APD) is minimal catalepsy in
rodents and motor side effects in patients at doses which achieve the presumptive equivalent
of an antipsychotic action in rodents, e.g. blockade of conditioned avoidance response, and
an antipsychotic effect in patients with schizophrenia who are acutely psychotic. Typical
APDs, such as chlorpromazine and haloperidol, achieve their antipsychotic action and cause
motor side effects by extensive blockade of striatal D, receptors. There are several classes of
atypical APDs, e.g. those with potent 5-HT,a receptor antagonist properties, e.g. clozapine,
risperidone, and aripiprazole, as well as weaker interference with D, receptor stimulation. In
the case of aripiprazole, this weaker blockade with D, receptor stimulation is achieved by
partial agonism at the D, receptor. The other atypical APDs in clinical use in the US, e.g.
asenapine, clozapine, iloperidone, olanzapine, quetiapine, risperidone and ziprasidone,
produce DA receptor blockade by direct antagonism of D, receptors. Because their affinity
for 5-HT,a receptors is greater than that for D, receptors, the interference with D, receptor
stimulation is less than for 5-HT,a receptors. Furthermore, limbic DA release, the likely
proximate cause of psychosis, is enhanced during acute psychotic episodes, thus competing
with the antipsychotic drugs for the D, receptor. This competition is likely to enhance the
relatively greater blockade of the atypical APDs. Other classes of atypical APDs include the
substituted benzamides such as amisulpride and the metabotropic glutamate receptor-2
(mGIluRy) agonists, e.g. LY-404039 [62-64]. Because of space limitations, this review will
only consider the typical antipsychotic drugs and those atypicals with potent 5-HToa
antagonist properties.

As reviewed elsewhere [65-66], mesolimbic DA release is an important factor in the
etiology of positive symptoms (delusions and hallucinations) while cortical DA release is
likely to be important to the cognitive dysfunction and negative symptoms characteristic of
schizophrenia. Microdialysis in awake-freely-moving or anesthetized rodents and primates
has frequently been used to study the action of typical and atypical APDs on cortical and
limbic DA efflux. In addition, there have been some studies — utilizing microdialysis — on
the effect of typical and atypical APDs on ACh, 5-HT, Glu and GABA efflux. These
neurotransmitters play an important role in cognitive function, reality testing and motor
function and have an ability to modulate the activity of DA neurons. The current review will
highlight some of the key microdialysis studies comparing typical and atypical APDs on the
efflux of DA and ACh, in particular.

Expert Opin Drug Discov. Author manuscript; available in PMC 2012 February 1.



Darvesh et al. Page 8

4.2 Comparison between the regional effects of typical and atypical APDs on
neurotransmitter systems: in vivo microdialysis studies
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Clozapine and related atypical APDs preferentially increase DA efflux in the medial PFC of
rats compared to NAc, the key limbic area as well as the striatum, whereas the reverse is true
for typical APDs, i.e. they produce significantly greater increases in DA efflux in the NAc
and the striatum compared to the PFC [67,68]. This increase is correlated with their potency
as 5-HTop inverse agonists [69]. The NAc shell is more closely associated with the limbic
system, and thus psychosis and reward mechanisms, while the NAc core is associated with
the caudate-putamen and thus, with motor function. Clozapine produces equivalent increases
in DA efflux in both regions whereas haloperidol preferentially increases DA efflux in the
core [70]. The ability of typical APDs to increase cortical and limbic DA efflux can be
potentiated and diminished respectivelyby 5-HT,a inverse agonists such as M100907 [71],
ACP-103 [72] or SR43469B [73]. Sulpiride, a selective Do/D3 antagonist, without 5-HToa
antagonist properties did not increase cortical DA efflux in rats, but the combination of
sulpiride and M100907 was effective in doing so [74]. The ability of the atypical APDs to
increase cortical DA efflux can be blocked by the 5-HT 5 antagonist WAY 100635,
suggesting that 5-HT 5 agonism is a necessary factor in causing this increase. It is of
particular interest that WAY 100635 blocks the cortical DA efflux of atypical APDs,
regardless of whether they have intrinsic 5-HT 4 partial agonist properties (e.g. clozapine,
quetiapine, ziprasidone, and aripiprazole), or lack significant 5-HT1 5 agonist properties (e.g.
olanzapine and risperidone) [69,74]. Similarly Youngren et al. [75] found that clozapine, but
not haloperidol, also preferentially increased DA release in the PFC of rhesus monkeys as
compared with the striatum. The ability of the atypical APDs to preferentially increase
cortical DA efflux would be expected to produce selective stimulation of D4 receptors in the
prefrontal cortex which are known to have an important effect on cognition. However, it
should be kept in mind that enhanced stimulation of D1 receptors may have a negative effect
on cognition, suggesting that there can be adverse effects in at least some patients from
atypical APDs. It is of interest in this regard that clozapine has been reported to impair
working memory in patients with schizophrenia after six weeks of treatment, but this
negative effect is no longer evident at 6 months [76].

Rodent microdialysis studies conducted by several investigators have consistently reported
that the atypical APDs clozapine, olanzapine, risperidone and ziprasidone, but not the
typical APDs haloperidol, thioridazine and chlorpromazine, produced a robust increase in
ACh release in both PFC and the hippocampus [77-79]. The current interest in developing
muscarinic My or My agonists or oy nicotinic receptor agonists, which also enhance cortical
ACHh efflux is consistent with this property of the atypical APDs.

N-methyl-D-aspartate (NMDA) antagonists, phencyclidine (PCP), dizocilpine (MK-801)
and ketamine induce hyperlocomotion, deficits in cognition and social interaction, as well as
disruption of the prepulse inhibition (PPI) of startle. These properties are key elements in the
hypoglutamatergic hypothesis of schizophrenia. Microdialysis experiments conducted by
several investigators, have shown the effects of APDs on NMDA antagonist-induced
behavioral and neurochemical consequences in both rodents and non-human primates. Two
recent studies from the Artigas laboratory have shown that the atypical APDs clozapine and
olanzapine, but not haloperidol suppressed the NMDA antagonist-induced 5-HT and Glu
efflux in the PFC [80,81]. Linn and co-workers [82] reported that clozapine, but not
haloperidol, attenuated the PCP-induced disruption of PPI in adult capuchin monkeys.
Microdialysis studies have also compared the effect of both typical and atypical APDs on
GABA efflux in rodents. Bourdelais and Deutch [83] have reported that administration of
clozapine, but not haloperidol, markedly reduced GABA levels in the PFC of rats, with
similar results being reported in the rat striatum. The effects of clozapine on GABA levels
may play a role in its lack of motor side effects in schizophrenic patients [84].
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In conclusion, the studies reviewed indicate that in vivo microdialysis in rodents as well as
in non-human primates is an extremely useful method for neurochemical and
pharmacological characterization of APDs along with behavioral assays. The importance of
the technique is apparent from its role in the elucidation of various receptors in the
mechanism of action of known APDs, which consequently remains important in the
development of novel APDs.

5 Alterations in striatal Glu in an animal model of PD: correlation between
in vivo microdialysis and ultrastructural immunocytochemistry

There is growing interest in the interactions between DA and Glu and it may be the lack of
DA in PD that results in dynamic changes in Glu at least within the striatum. The DA
terminals originating from the substantia nigra pars compacta (SN-PC) make a symmetrical
synaptic contact not only on the dendritic shaft of the medium spiny neuron but also on the
neck of the dendritic spine [85]. The asymmetrical synaptic contact on the head of that same
spine within the dorsolateral striatum originates from not only the motor cortex but also the
thalamus [86] and the nerve terminals contain the neurotransmitter Glu [87]. Therefore, the
alterations in Glu levels, which may originate from either the motor cortex or thalamus, may
be a target for future pharmacological treatment. Thus, a clearer understanding of glutamate
changes in specific brain areas over time could lead to the development of more specific
therapies.

5.1 Time-dependent changes in striatal Glu following loss of DA

Using in vivo microdialysis, Lindefors and Ungerstedt [88] were the first to report an
increase in the extracellular level of striatal Glu in anesthetized rats 3—4 weeks following a
6-hydroxydopamine (6-OHDA) lesion. Notably, in the same year, Reid et al. [89] reported
just the opposite effect. It appears that following the lesion (perhaps after 3—4 weeks), the
animals were then tested with the DA agonist apomorphine to evaluate the number of
contralateral turns. It is well known that animals continue to be sensitized to the effects of
apomorphine weeks after a single injection of the compound [90]. It has been reported that
short-term administration of a low dose of apomorphine (0.05 mg/kg/d) has a significant
effect on the extracellular levels of Glu within the striatum and the substantia nigra (SN)
[90].

Increases in extracellular levels of Glu following a 6-OHDA lesion [88] are in agreement
with findings from several other labs who have reported an increase in spontaneous activity
of GABAergic striatal neurons after 6-OHDA treatment [91]. It is possible that such an
increase in electrical activity may be due to an increase in striatal glutamatergic function.
Increased spontaneous neuronal activity within the striatum peaks approximately 4 months
following the lesion [91]. This increased neuronal activity starts to decrease at 6 to 8 months
and by one year the activity in the lesioned animals was similar to that found in the control
group [92].

Time-dependent changes in Glu within the DA-deafferented striatum of rats were reported
to occur following a unilateral injection of the neurotoxin 6-OHDA into the medial forebrain
bundle [93]. Using both in vivo microdialysis and correlating these findings with alterations
in Glu immuno-gold labeling by electron microscopy, changes in striatal glutamatergic
function were analyzed at 1 and 3 months following the lesion.

5.2 In vivo microdialysis findings

There was a significant increase in the basal extracellular level of striatal Glu compared to
the sham (control) group 1 month following the nearly complete loss of striatal DA [93].

Expert Opin Drug Discov. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Darvesh et al.

Page 10

Notably, thes complete opposite was found 3 months following a nigrostriatal lesion, where
it was reported that there was a significant decrease in the extracellular levels of striatal Glu
[93]. The increase in extracellular striatal Glu 1-month after the near complete loss of striatal
DA is consistent with some earlier reports [88,94-99].

Alterations in the extracellular levels of striatal Glu have been observed following partial
lesioning of the nigrostriatal pathway with the neurotoxin, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). Regardless of whether acute (4 x 20 mg/kg every 2 hours) or
subacute (30 mg/kg/d x 7 days) administration of the toxin is used, both paradigms result in
bilateral loss of DA terminals in the striatum but either an increase (in the case of acute
MPTP) or decrease (in the case of subacute MPTP) in the extracellular level of striatal Glu
[100,101]. The increase in extracellular Glu following acute MPTP is similar to what has
been reported 1 month following 6-OHDA insult [93]. The decrease in extracellular Glu
following subacute administration is similar to what has been reported 3 months after 6-
OHDA lesioning [93]. In a subchronic model of PD, using MPTP plus probenecid, an agent
that decreases MPTP secretion, [102], it has been reported that nearly 4 months from the
onset of administration of the toxin, there was no change in the extracellular level of striatal
Glu or in the uptake of Glu into synaptosomes [103]. There also appears to be a lack of
correlation between alterations in Glu within the striatum compared to the SN. Using this
same MPTP/probenecid model, some of us have recently reported that 4 months following
the initiation of drug treatment, there is an increase in the extracellular level of Glu within
the SN [103], a finding consistent with the long-standing model of basal ganglia function
[104]. At 6 months following a 6-OHDA lesion, there continues to be a significant decrease
in the extracellular level of striatal Glu (Meshul et al., unpublished findings), a result similar
to what is observed 3 months following such a lesion [93]. In addition, microdialysis of the
subthalamic nucleus (STN) in the 6-OHDA lesioned rat model results in an increase in
extracellular Glu (Figure 2). The increase in STN glutamate following loss of striatal DA is
consistent with the current model of basal ganglia function [104], suggesting that a possible
explanation for the increase in activity of the STN is due to increased glutamate release.
This would result in activation of the output from the STN to the SN and globus pallidus
pars interna, resulting in an eventual decrease in activity of the motor cortex and the classic
signs of PD, i.e. bradykinesia and slowness in the initiation of movement.

Some of us have carried out striatal in vivo microdialysis following subchronic
administration of MPTP over a 4-week time period in which the mice received a daily dose
of 10 mg/kg (Table 1). We find, similar to that reported after subacute administration of
MPTP [100], a decrease in the extracellular levels of striatal Glu. Several preliminary in vivo
microdialysis studies were carried out to determine the effect of exposure to an enriched
environment or forced exercise. Following constant exposure of both young and aged mice
to either an enriched environment for 3 weeks or running on a treadmill on a daily basis for
1 hr/day for 3 weeks, we find that an enriched environment leads to an increase in
extracellular striatal Glu in both young and aged mice. Infusion of a Glu transporter
antagonist results in a varying increase in extracellular Glu (Table 1). Exposure of MPTP-
treated mice to either an enriched environment or treadmill exercise results in the partial
restoration of DA-labeled neurons in the SN and an increase in locomotor function (Sashkin
and Meshul, unpublished findings). Therefore, the increase in the number of DA-labeled
neurons following exposure to an enriched environment may be related to the increase in
extracellular striatal Glu.

5.3 Morphological correlates to changes in extracellular Glu

Because of the controversy associated with the origin of the extracellular level of striatal
Glu, immuno-electron microscopy was carried out using an antibody against Glu and
tagging the primary antibody with a secondary antibody that contains an immuno-gold label.
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We were the first to report that following subchronic treatment with the DA antagonist
haloperidol the changes in asymmetrical synaptic contacts were associated with nerve
terminals containing Glu and that there was an increase in the density of such nerve terminal
Glu immuno-gold labeling compared to the control group [87]. However, there is a
heterogeneous Glu input to the striatum. We have been made aware only recently that nerve
terminals making an axospinous contact could still originate from the thalamus [86,105].
The terminals from the cortex and thalamus can be differentiated by their vesicular Glu
transporters. The input from the cortex contains the messenger RNA and protein for the
vesicular Glu transporter-1 (VGLUT-1), while that from the thalamus contains the vesicular
Glu transporter-2 (VGLUT-2) [105,106].

It has been reported that 1 month following a 6-OHDA lesion, there was a decrease in the
density of nerve terminal Glu immunolabeling within all asymmetrical synapses [93]. Even
though striatal DA levels do not recover, Glu synapses continue to show signs of plasticity.
Of particular interest was that 3 months following a nigrostriatal lesion, the relative density
of nerve terminal Glu immunolabeling showed an increase compared to the non-lesioned
group.

At this point, it was not known if the Glu input from the cortex vs. thalamus was
differentially affected following a nigrostriatal lesion. It has been reported that a lesion of
the intralaminar thalamic nuclei (centromedian and parafasicular) blocks the 6-OHDA-
induced increase in striatal enkephalin and glutamic acid decarboxylase mRNA and
cytochrome oxidase mMRNA in the subthalamic nucleus [107]. It was recently reported that
there is an increase in the number of nerve terminals containing VGLUT-1 protein after
MPTP administration in the non-human primate [108], suggesting a change in the Glu input
from the cortex. For VGLUT-2, there was a shift in the number of terminals making
axospinous vs. axodendritic contact. Since VGLUT-1 is associated with nerve terminals
originating from the cortex, we recently carried out VGLUT-1 labeling of the striatum 6
months following a nigrostriatal lesion (Figure 3). We find that at this time point there is a
significant decrease in the extracellular level of striatal Glu (Meshul et al., unpublished
findings). When the density of nerve terminal Glu immunogold labeling was then
determined, it was found that in both VGLUT1 positive and negative nerve terminals, there
was an increase in the density of striatal Glu immuno-gold labeling compared to the control
group (Figure 4). This suggests that both the cortico- and thalamostriatal pathways are
equally affected following the nearly complete loss of nigrostriatal DA. As previously
reported: following loss of striatal DA, an increase or decrease in extracellular glutamate is
associated with a decrease or increase in the density of glutamate immuno-gold labeling
within nerve terminals making an asymmetrical (excitatory) contact onto a dendritic spine
[90,93,101,109,110]. This inverse relationship in extracellular glutamate and density of
glutamate immuno-gold density is suggested to be due to decreased release of glutamate
(i.e., as measured by an increase in extracellular glutamate) resulting in an accumulation of
glutamate inside nerve terminals (i.e., an increase in glutamate immuno-gold labeling). It
has been reported that more than 90% of the glutamate immuno-gold labeling is associated
with the synaptic vesicle and not the nerve terminal cytoplasm [93]. Therefore, based on our
ultrastructural immuno-gold labeling data, it would appear that glutamate is not being
released from the terminal and there is more immuno-gold labeling of the synaptic vesicles.

Knowing the changes in extracellular glutamate in striatum, SN or STN is of great
importance in terms of potential pharmacological treatment. It is possible that treatment with
a specific glutamate antagonist may not necessarily be successful since glutamate may be
increased in one region but decreased in another and at different times after the loss of DA.
In addition, knowing whether the input from the motor cortex (i.e., VGLUT-1) or thalamus
(VGLUT-2) is of greater or lesser importance may be crucial for future pharmacological

Expert Opin Drug Discov. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Darvesh et al. Page 12

treatment. Agents that can selectively target the VGLUT-1 or VGLUT-2 pathways may
prove to be of significant use in combating the changes in glutamate following the loss of
nigrostriatal DA.

6 ACh: cognition, memory, Alzheimer’s disease

6.1 Introduction: what's special about ACh?

ACh with its virtue of being ubiquitous in major brain functions has been a subject of
microdialysis studies since the 1980s. Since ACh neither fluoresces nor oxidizes — unlike the
catecholamies — it has been necessary to develop an enzymatic assay which facilitates
detection of femtomolar (fmol) amounts by HPLC. Recent developments have included
mass spectrometry with levels of detection approaching one fmol or less [111].

While sensitive ACh detection has become more accessible, ACh and cholinergic synapses
have some unusual neurochemical characteristics that have important consequences for
microdialysis studies. First, synthesis of ACh depends on the availability of its precursors
glucose and choline, which can become rate-limiting for ACh synthesis when ACh release is
strongly stimulated [112]. While choline is routinely measured together with ACh, it should
be noted that (a) choline levels are not directly correlated with ACh but are largely
controlled by phospholipid synthesis and hydrolysis and (b) the concentration of choline in
the extracellular space of the brain is much (100 — 1,000-fold) higher than that of ACh. In
fact, the high levels of free choline in the brain complicate the validation of methods to
quantify ACh release through choline sensors which reflect ACh release only under strictly
controlled conditions [113].

Notably, cholinergic neurons follow an endogenous diurnal rhythm (with higher activity
during the night in rodents) and they respond to a wide variety of physiological stimuli
(reviewed by Day et al. [114]). Thus, hippocampal and cortical, but not striatal ACh levels
typically increase upon sensory stimulation (which includes intraperitoneal injections).
Moreover, measuring ACh release during anesthesia should be avoided because most
common anesthetics inhibit ACh release. The good news is that ACh in the brain is a purely
neuronal product: ACh release is calcium-dependent and is nearly completely (>90%)
inhibited by blockers of neuronal impulse flow such as tetrodotoxin (TTX). As a
consequence, there are no difficulties of interpretation with ACh compared to e.g. amino
acids which have transmitter as well as metabolic pools.

6.2 Microdialysis of ACh: which brain area?

The highest density of cholinergic neurons in the brain and the highest tissue content of ACh
in the brain are found in the striatum, resulting in much of the early work with microdialysis
focusing on rat striatum [115]. Cholinergic activity in the striatum is controlled by
interactions with several other transmitter pathways including cortical fibers that increase
ACh levels through NMDA receptors and dopaminergic neurons which act predominantly
though D, receptors to reduce ACh release. PD is a major research area targeting striatal
mechanisms. Cholinergic drugs however, are of limited effectiveness in this disease, and
most drug development programs focus on glutamatergic or dopaminergic approaches.
Cholinergic actions in the NAc are mediated by both muscarinic and nicotinic receptors.
Most research in this area however, is basic research aimed at understanding drug addiction
and will not be reported here (for reviews, see [114,115]. Similarly, microdialysis studies in
the brain stem are important for our understanding of the sleep-wake cycle and anesthesia
but limited drug development efforts have been invested in this area.

Most studies in drug development focus on cholinergic projection fibers that originate in the
basal forebrain and innervate hippocampal and cortical areas. These cholinergic fibers are
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involved in higher cognitive functions, making them a prominent target for therapeutic
research. AD is a particularly well-studied disease target because cholinergic neurons in the
forebrain degenerate in AD, and lack of cholinergic transmission is a major reason for the
cognitive (and probably some psychiatric) symptoms of AD. Accordingly, much work has
been invested to study cortical and hippocampal cholinergic transmission in vivo by
microdialysis [116]. A variety of drugs has been tested for their effects on cortical ACh
levels: inhibitory effects were found for example, for opiates, benzodiazepines, and ethanol.
Of note, dual-probe microdialysis has been found useful to distinguish local actions of drugs
in the hippocampus or cortex from actions in the somatic regions of the neurons in the basal
forebrain [117]. Increases of ACh in the hippocampus are often interpreted as a sign of
potential pro-cognitive effects [118] although such isolated findings do not provide
sufficient evidence in the absence of supporting behavioral experiments.

Various approaches have been used to combine microdialysis with behavioral studies [119].
Microdialysis studies in cortical areas clearly demonstrated that ACh plays a major role in
attention [113]. Attention and motivation are reflected in cortical ACh levels and these can
be used to test the effects of exogenous drugs. Hippocampal ACh also responds to novelty.
As indicated above, sensory stimulation such as injections or stroking of the animal lead to
changes of hippocampal ACh release. In studies using learning and memory paradigms such
as object recognition, ACh levels increased when new stimuli were given to the animal.
However, reconnaissance of known objects (when memory was retrieved) did not cause
significant changes of ACh [120]. These studies do not support the concept that cognitive
processes are directly related to ACh levels in the brain. Rather, levels of ACh reflect the
attention and vigilance of the animal during the testing procedure. Clearly, physiological
stimuli such as exploration of a novel environment can be used to enhance ACh release and
also to test the effect of drugs on this physiologically induced cholinergic stimulation. The
cholinergic link can be strengthened by using cholinergically impaired animals in the testing
procedure [121]. Drug development studies now routinely employ parallel measurements of
microdialysis and behavioral studies to characterize pro-cognitive actions of cholinergic
modulators (see below).

6.3 Cholinesterases, microdialysis and drug development

ACh is the only classical neurotransmitter inactivated by enzymatic hydrolysis:
acetylcholine-esterase (AChE) being the responsible enzyme that cleaves ACh to choline
and acetate. To inhibit AChE is therefore a straightforward procedure to stimulate
cholinergic neurotransmission in the CNS. AChE inhibitors are first-line drugs for the
treatment of AD and may be useful for other types of dementia and/or psychiatric disorders.
In AD, cholinergic dysfunction is closely related to the clinical symptoms and it seems
likely that AD cannot be treated successfully unless the cholinergic dysfunction is somehow
corrected [122]. Microdialysis studies have been instrumental to characterize the in vivo-
actions of AChE inhibitors. In this regard it is of importance to point out that drug
development programs may fail because compounds that inhibit AChE in vitro may not be
sufficiently brain-permeable in vivo, or they may compartmentalize in a way that prevents
AChE inhibition [123]. The starting point in the drug development process in this area was
the development of plant products with AChE inhibitory potency such as the well-known
physostigmine, an alkaloid from the Calabar bean (Physostigma venenosum) which causes a
dose-dependent increase in the extracellular level of ACh in brain after systemic
administration [124]. While physostigmine has a very short half-life in humans, it was
successfully developed conceptually to the long-acting agent rivastigmine which has a
pseudo-irreversible binding mode to AChE. Other plant constituents with AChE inhibitory
potency are huperzine A and galanthamine, a marketed drug that is also an allosteric
activator of nicotinic transmission [125]. The most successful AChE inhibitor on the market,
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donepezil, is a synthetic drug developed by Eisai Corp. and inhibits AChE by an allosteric
mechanism [125]. Among the marketed drugs, donepezil is the only one that is specific for
AChE and does not affect ACh levels in AChE-deficient mice [126]. All of the AChE
inhibitors reliably increase ACh levels in rodent brain [127], although relative high doses
have been used in some studies to obtain adequate results. Unfortunately, no methods are
available to measure concentrations of ACh in human brain, so animal experiments must
suffice at this time as a proof-of-principle.

Butyrylcholinesterase (BChE), also called plasma cholinesterase, is also present in the CNS
(mainly in astrocytes) and can rapidly hydrolyze ACh. Microdialysis studies in AChE-
deficient mice demonstrated that BChE can to some extent substitute for AChE when AChE
is absent [128]. As AChE levels are low in advanced AD, BChE inhibitors have been
suggested as a treatment option for advanced AD. Several promising compounds have been
synthesized starting with cymserine as a model drug [129]. Phenserine, for instance, has
been shown to bolster Ach levels in vivo and to be active in various behavioral paradigms
[122]. BChE inhibitors can increase ACh in the brain — as shown by microdialysis — not only
when AChE activity is absent [128], but even when injected systemically into healthy rats
[130].

In this context, it may be added that researchers at Daiichi Sankyo have developed dual-
mechanism drugs that inhibit both AChE and the 5-HT transporter. These compounds
enhance the extracellular concentrations of both ACh and 5-HT in animals [131]. The
potential of dual mechanism-drugs for neuropsychiatric disease has recently been
emphasized [132]. In the present example, the parallel stimulation of cholinergic and
serotonergic transmission was expected to improve cognition synergistically [133].

6. 4 Drugs acting at cholinergic receptors

Central cholinergic stimulation cannot only be obtained through inhibition of ACh
hydrolysis, but also through direct stimulation of cholinergic (nicotinic or muscarinic)
receptors. While microdialysis studies measuring ACh are not well suited to follow agonist
actions at postsynaptic receptors (such as M receptors), numerous studies have investigated
presynaptic receptors which control ACh release. In these studies, the levels of ACh —as
sampled by microdialysis — represent the direct readout of the various presynaptic influences
acting upon cholinergic nerve endings. Muscarinic receptors, both M, and My, are located
presynaptically at cholinergic synapses and inhibit ACh release in a feedback fashion. An
increase in ACh levels at the synaptic cleft results in a receptor-mediated blockade of Ach
release. Therefore, M, receptor antagonists tend to increase the release of ACh because they
block the negative feedback inhibition of ACh via M, receptors [124]. A dedicated effort for
drug development was undertaken by researchers at Schering-Plough Co. who combined
microdialysis and a behavioral (passive avoidance) procedure in rats. Using p.o. application
of drugs, this group simultaneously tested (a) the oral bioavailability and brain permeability
of their compounds and (b) the pharmacological effect reflected as an increase of ACh in rat
brain by their “microdialysis assay”. The group was able to identify compounds that were
active in vivo and showed a 100-fold higher affinity towards M, receptors when compared
with My and M3 receptors [134,135]. Unfortunately, none of these compounds reached the
market, and the concept of M, antagonists does not seem to be prominently pursued at this
time.

It has to be noted that the concept of M, antagonists has a weakness which relates to the
mechanism of action. In vitro and in vivo, M5 receptor blockade only enhances ACh release
when ACh levels are high causing massive feedback inhibition of ACh release. Thus, it may
be promising to add M, antagonists to a therapy based on AChE inhibitors to optimize their
effectiveness. This idea has been followed in an attempt by Parke-Davis to develop a dual
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mechanism drug CI-1002/PD 142676 which inhibits both AChE and (at somewhat higher
concentration) also M, receptors. This compound effectively increased ACh in rat cortex
and was also active in behavioral assays although further studies were apparently not
pursued [136].

Nicotinic receptors were also targeted by new drug developments using microdialysis.
Nicotine has well-known cognitive-enhancing effects, and hippocampal and cortical ACh
concentrations in aged rats were amplified by nicotinic agonists such as SIB-1553A acting
on a4s2 receptors in studies from Merck Co. [137,138]. It is, however, unclear whether
these effects are due to enhancement of ACh release because the compounds under study
also show binding with serotonergic and histaminergic receptors (see below). Another
nicotinic agonist, a compound called TC-1734, was developed by Aventis Pharma. It not
only increases ACh and bolsters cognitive functions in memory tests, but also possesses
neuroprotective and antidepressant effects which may partly be due to cortical ACh release
[139]. Nicotinic a7-receptor agonists were also found to enhance ACh in hippocampus and
frontal cortex; their cognitive effects, however, also involve actions on the release of Glu
[140] and/or DA [141].

6.5 Heteroreceptor-mediated stimulation of ACh release

Among the various approaches to influence ACh release through heteroceptors, select
serotonergic and histaminergic agents have received focused attention in recent drug
development studies. Serotonergic-cholinergic interactions are well known to contribute to
cognitive processes [133], and antagonists at both 5-HT1 and 5-HTqg receptors were
reported to increase ACh levels in microdialysis studies. The 5-HTq o antagonist
WAY-101405 increased ACh in rat hippocampus and concomitantly antagonized memory
deficits in fear conditioning induced by scopolamine [142]. 5-HTg antagonists do not
increase ACh levels by themselves, but they may be useful as a comedication to
antidepressant 5-HT-selective re-uptake inhibitors (SSRIs) because SSRI treatment leads to
a decline of ACh levels secondary to the increase of 5-HT levels [143]. The 5-HTg receptor
has been the target of drug development in cognition, schizophrenia and obesity.
Procognitive functions of 5-HTg antagonists concur with increases of ACh release in rat
frontal cortex [144,145]. In both studies, 5-HTg antagonists were also active in cognitive
paradigms such as passive avoidance and object recognition tests. The mechanism of action
of 5-HTg antagonists may involve additional neuronal interactions because they were found
to interact with glutamatergic and GABAergic systems as well (reviewed by Geldenhuys
and Van der Schyf [146]).

Histaminergic neurons — in addition to their role in wakefulness and vigilance — have
cognitive effects that seem to be mediated largely by modulation of cholinergic neurons via
H1, Hp and/or H3 receptors. H3 histamine receptors are presynaptic receptors situated on
cholinergic neurons which mitigate ACh release. Accordingly, Hs antagonists such as
ABT-239 were found to increase ACh release in rat frontal cortex and hippocampus and
were found to improve social memory [147]. Similarly, the H3 antagonist GSK 189254
increased ACh release in rat cingulate cortex and hippocampus and improved the
performance of rats in passive avoidance, water maze and object recognition procedures
[148]. Another H3 antagonist, JNJ-10181457, was found to increase ACh release in rat
cortex, while also antagonizing scopolamine-induced deficits in behavioral assays including
delayed non-matching to position and reversal learning [149]. While H3 antagonists also
influence cortical levels of catecholamines, precognitive effects of these compounds are
usually ascribed to their effects on ACh release in all cited studies.

A range of other compounds have been shown to modulate ACh release in microdialysis
studies in vivo, including cannabinoids, purines such as adenosine, and many neuropeptides
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such as orexin and galanin [150]. These studies are not discussed here for lack of space and
limited drug development efforts in these areas. Finally, microdialysis was also used to
characterize drugs with unknown mechanisms of action, such as nootropic drugs including
nimodipine, denbufylline, nefiracetam and linopirdine (DuP 996) [151].

Microdialysis of ACh is now a routine procedure that can be established in experienced
neurochemical laboratories within a few months. Analytical methods are available for
reproducible determination of ACh in low femtomolar amounts, and many parameters of
cholinergic function (as far as they are reflected in ACh levels) have been defined. Levels of
ACh for example in striatal or hippocampal tissue are meaningful parameters and can be
interpreted on the basis of much basic research into the role of ACh in motor function,
motivation and addiction, attention and arousal, and cognitive processes. Microdialysis of
ACh is uniquely suited to investigate ACh release in vivo. Occasionally, microdialysis is the
only meaningful approach such as when ACh release from grafted neurons is monitored in
vivo [152]. Nevertheless, at this time, there is a lack of studies that address ACh in the
human brain. Such studies are urgently required to validate rodent findings for the
therapeutic situation.

7 EXPERT OPINION

A reading of this review clarifies and emphasizes the versatility, utility and importance of in
vivo microdialysis as an emerging mainstay technique for preclinical neuropharmacological
research. In particular, elucidation of the neurochemical effects and mechanisms of action of
established drugs and investigational new drug candidates through in vivo brain
microdialysis is a field of investigation that is only now coming into its own. Exploitation of
the power of this technique for drug discovery should proceed with vigor in the near future.
With tremendous progress underway in the elucidation of drug-targetable mechanisms of
addiction, pathways of neurodegeneration in AD, PD, amytrophic lateral sclerosis and other
neurodegenerayive diseases, and an increasing understanding of the neuromolecular basis
for many psychiatric diseases, targeted drug design aimed at these conditions has become a
rational endeavor. Although in vivo brain microdialysis — like any other technique — has
caveats that should be considered by the investigator, these issues can be mitigated with
proper precautionary measures, good technique and diligent execution of safeguards. A
particularly important advantage offered by this technique is the ability to measure
neurotransmitters and their metabolites in awake, freely moving animals both pre- and post-
drug administration. The size range and types of animals that can be used as models in
investigations are also notable, varying from animals as small as the mouse (including the
prospect of using transgenics) to large primates. Brain microdialysis — by virtue of its use of
extremely accurate stereotaxic probe implantation — offers the capacity to measure
neurotransmitters in discreet brain regions and permits investigators to locally apply selected
pharmacological agents to the same brain regions via reverse dialysis. This approach allows
immediate assessment of drug action at the pharmacological locus and establishes a
contemporaneous neurochemical profile of investigational new drug candidates. Another
key feature of in vivo brain microdialysis is the measurement of dialysate samples in
conjunction with behavioral assays such as cognition or hyperlocomotion. Such approaches
offer tremendous insights into the pharmacological profile and possible therapeutic
applications of novel investigative agents that affect a variety of brain functions. If
developed successfully, the increasing availability of on-line in vivo brain microdialysis
protocols and informative tools aimed at making this technique useful for high-throughput
screening of novel compounds opens the capacity to rapidly move investigational new drug
candidates into the clinical trial stages and to market, thereby speeding up drug discovery
efforts for neurological diseases that are in dire need of successful therapies.
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ARTICLE HIGHLIGHTS

* Invivo microdialysis is a sampling technique with pre-clinical and clinical
applications useful to assay the chemical contents of extracellular fluid.

» Microdialysis has been extensively used over the past two decades to study the
physiological and pharmacological changes of several low molecular weight
substances in extraneuronal fluid.

* Rodent brain in vivo microdialysis has enabled neurophysiologists,
neurochemists and neuropharmacologists to measure neurochemical changes in
discrete brain regions in freely moving, awake animals in response to
pharmacological and physiological stimuli.

» Anextremely important application of this technique is its use in the
measurement of drug-induced changes in concentrations of monoamine and
amino acid neurotransmitters and Ach, and their respective metabolites.

» Invivo microdialysis finds extensive use in the neurochemical characterization
of neuropharmacological agents such as drugs of abuse, for neurotherapeutic
agents such as antipsychotic agents and antidepressants, and for drugs used to
improve neurocognitive deficits as well as learning and memory.

»  The in vivo microdialysis technique has been a boon to researchers in the
development of novel classes of drugs with potential use in the treatment of
neuropsychiatric disorders such as addiction, anxiety, attention deficit
hyperactivity disorder, depression and schizophrenia as well as
neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s
disease. It has developed into a powerful tool in the development of therapeutic
strategies for such diseases.
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Figure 1.
Experimental set up for neurotransmitter sampling using the rodent in vivo microdialysis
technique.
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Figure 2.
Baseline extracellular level of Glu within the STN 3 months after a unilateral lesion of

nigrostriatal pathway. Note the significant increase in Glu levels in the 6-OHDA lesioned
group compared to the sham group. Values are means + S.E.M.
* - p <.05 using Student’s t-test.
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Figure 3.

Double labeling for the striatal vesicular Glu transporter-1 (VGLUT-1) and Glu immuno-
gold. Electron photomicrograph using the diaminobenzidine technique to localize VGLUT-1
(dark reaction product) and the immunogold technique to localize an antibody against the
neurotransmitter, Glu, within the dorsolateral striatum. Within the VGLUT-1 labeled nerve
terminal (LT), there is an accumulation of small round synaptic vesicles and 10 nm gold
particles indicating the location of the antibody (arrowhead). There is also an unlabeled
nerve terminal (UT). The nerve terminals are making an asymmetrical synaptic contact
(arrow) with an underlying dendritic spine (DS) or dendrite (DEND).
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Figure 4.
Density of striatal nerve terminal Glu immuno-gold labeling (# gold particles/lum?) within

VGLUT-1 labeled and unlabeled nerve terminals following administration of 6-OHDA. 6-
months following the nearly complete loss of striatal DA, the increase in the density of Glu
immuno-gold labeling was identical in both VGLUT-1 labeled and unlabeled striatal nerve
terminals compared to the control (CTL) group. Values are means = S.E.M.

* - p <.05 compared to the respective control group using an ANOVA.
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Table 1

Effect of MPTP, an enriched environment, or treadmill running on striatal extracellular glutamate

Group Basal Levels (pmole/ul) | PDC (1 mM infusion for 90 minutes)
MPTP-Young mice 0.40 + 08™ Not determined
Vehicle-Young mice 0.60 + .05 Not determined
SE-Young Mice 0.57 +.01 1.01+ .01 (76% M)
EE-Young Mice 112 +.16" 1.59 +.02" (43% 1)
SE-Aged Mice 0.69 + .03 0.88 +.05 (18% *)
EE-Aged Mice 0.88+.05" 1.3+.03% (48% M)
Control (no running) 0.93 £.04 1.13+.02 (122% ™)
Runners 0.63+0.4™" 0.94 +.02™ (149% ™)

Values are means + S.E.M in the dialysate sample. PDC: L-trans-pyrrolidine-2,4-dicarboxylic acid (reverses the glutamate transporters and

increases Ca™*-dependent glutamate release). SE: standard environment; EE: enriched environment.

*
p < .05 compared to the SE group;

Fk

p < .05 compared to the SE or control group.
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