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The technique of microdialysis enables the monitoring of neurotransmitters and other
molecules in the extracellular environment. This method has undergone several modifications
and is now widely used for sampling and quantitating neurotransmitters, neuropeptides, and
hormones in the brain and periphery. This unit describes the principles of conventional and
quantitative microdialysis as well as strategies in designing a dialysis experiment. It establishes
the groundwork for the basic techniques of preparation, conduct, and analysis of dialysis
experiments in rodents and subhuman primates (UNITS 7.2–7.4). Although the methods
described are those used for monitoring CNS function, they can be easily applied with minor
modification to other organ systems.

HISTORICAL PERSPECTIVE
The concept of using of a dialysis bag to collect samples from small interstitial tissue, such as
the brain, was first introduced by Bito et al. (1966). Delgado refined the technique, developing
the first microdialysis probe in which a solution was slowly perfused through a dialysis bag
and carried to a site immediately accessible to the experimenter (Delgado et al., 1972).
Ungerstedt greatly improved the design of the microdialysis probe by enlarging the surface
area of the dialysis membrane and thus increasing the efficiency of the microdialysis probe in
collecting analyte (Ungerstedt and Pycock, 1974; Ungerstedt et al., 1982). The successful use
of microdialysis to quantify monoamine levels in neural tissue by Ungerstedt and colleagues
during the late 1970s and early 1980s contributed significantly to the worldwide use of the
microdialysis method.

A recent Medline search revealed that over 3000 articles involving the use of microdialysis to
collect substances from tissue have been published since 1960. The majority have studied the
extracellular milieu of neural tissue in the laboratory rat, in particular, to collect samples for
the analysis of monoamines and their metabolites. It is perhaps no accident that this technique
has been characterized so well and applied so often to the study of monoamines. Monoamines
are widely distributed in the nervous system and play an important role in most complex brain
functions. The extracellular concentration of monoamines is typically high, of neuronal origin,
and concentrated in large nuclei such as striatum and accumbens. The physicochemical
characteristics of monoamines are well understood (i.e., hydrophilicity, size, structure), and
highly sensitive analytical instruments are available for the quantification of dialysis samples
[e.g., electrochemical (EC) detection].

Many types of analytes have been successfully sampled by microdialysis. A number of
published reports describe the use of the method to collect samples from a variety of tissues
and a number of species. The range of microdialysis applications is illustrated in Table 7.1.1,
Table 7.1.2, and Table 7.1.3.

The advantages and limitations of microdialysis techniques have been reviewed in detail
(Westerink et al., 1987; Benveniste, 1989; Westerink and Justice, 1991) and are only briefly
summarized here. The primary advantage of microdialysis over other in vivo perfusion
techniques lies in the construction of the probe. First, the microdialysis probe is smaller than
devices used for push-pull or cortical cup perfusion and thus displaces a smaller area of tissue.
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Second, the microdialysis membrane provides a physical barrier between the perfusate and
tissue that protects the tissue not only from the turbulent flow of the perfusate but also from
high-molecular-weight substances, such as bacteria, that cannot cross the membrane. The
perfusate flow rate is lower than that used in other perfusion techniques, and thus the amount
of analyte depletion from tissue is less.

Finally, a more precise characterization of the quantity and distribution of an analyte can be
achieved using microdialysis because the membrane constrains the flow of perfusate, limiting
the underlying mechanisms for analyte transport into the probe, and, as a result of the membrane
geometry, generates an evenly distributed area of tissue impacted by the probe. Thus, the
processes of microdialysis can be well defined mathematically to yield predictions about the
characteristic distribution and activity of an analyte of interest (Morrison et al., 1991). Similar
advantages do not hold when comparing microdialysis to in vivo voltammetry. Unlike
voltammetry, however, the microdialysis technique is not limited to the sampling of
electroactive substances. Once a microdialysis sample is collected, any analytical technique
may be used to quantify the analyte of interest. Furthermore, for electroactive substances, lower
concentrations are detectable using microdialysis than in vivo voltammetry.

Although the microdialysis technique has advantages over other techniques, it also has
disadvantages. First, microdialysis has limited time resolution (≥1 min; more typically, 10-min
collection periods are employed) in comparison to voltammetry (<1 min). Second, the dialysis
process creates an area around the probe in which all solutes capable of crossing the probe
membrane are depleted. Changes in the neurochemical milieu may affect basal levels and/or
the pharmacological responsiveness of the substance under study. It is important to note,
however, that Sam and Justice (1996) showed that basal levels of dopamine (DA), in the
striatum, are unaffected by variations in the amount of non-DA solute depleted around the
probe. Third, low-molecular-weight solutes contained in the perfusate may diffuse into the
interstitial space and artificially change the level or activity of the analyte of interest. For
example, failure to provide appropriate concentrations of Ca2+ or Na+ ions in the perfusate can
dramatically alter basal levels of neurotransmitters (Westerink et al., 1988; Moghaddam and
Bunney, 1989; Osborne et al., 1991). Fourth, the microdialysis membrane occupies space of a
particular dimension and length. Thus, use of the microdialysis technique is limited to areas
large enough and long enough to surround the microdialysis probe. The smallest probe is still
relatively large compared to many nuclei within the central nervous system. Finally, the
quantity of analyte collected by microdialysis most often represents a fraction of the actual
extracellular concentration because at most flow rates (i.e., >0.1 µl/min) the rate of analyte
removal from the inside of the probe is higher than the rate of analyte replacement to the probe
membrane surface.

This last limitation requires additional comment as the search for the proper mathematical
expression of these differences has led to some unanticipated conclusions regarding the
interpretation of microdialysis data. At usual perfusate flow rates (e.g., 1 µl/min), the ratio, or
extraction fraction, between the actual extracellular concentration of an analyte and the
dialysate concentration of that same analyte is typically less than 40%. (The extraction fraction
is otherwise known as relative recovery or probe efficiency.) Because flow rate is inversely
related to extraction fraction (Zetterstrom et al., 1988; Wages et al., 1986), it is possible to
reduce the flow to a rate suitable to achieve near equilibrium. However, the sample collection
volume and collection period at these very low perfusate flow rates are either insufficient or
inappropriate to test most hypotheses.

Several groups have attempted to characterize and quantify the extraction fraction. An
understanding of the source of diffusivity during dialysis has greatly aided this aim. When
extraction fraction is low, as is typically the case, the greatest source of resistance to diffusion
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occurs in the tissue. Tissue resistance differs for each analyte under consideration and, in turn,
is influenced by neurochemical processes that affect analyte supply and degradation. As a
result, experimental manipulations that modify these neurochemical processes may also
modify extraction fraction and confound interpretation of changes in dialysate concentration.
(This means that changes in dialysate concentration do not only mirror changes in extracellular
concentration, but will also reflect changes in extraction fraction and/or extracellular
concentration.) Thus, the study of the diffusional and/or convective processes underlying
analyte sampling by microdialysis (or solute delivery by the microdialysis probe) has been
developed (e.g., quantitative microdialysis) to determine in vivo extraction fraction and the
proportional relationship between dialysate and extracellular concentrations of an analyte
under study. The theoretical and empirical findings to date are discussed in detail in the
following three sections.

DESCRIPTION OF THE MICRODIALYSIS PROCESS
All microdialysis probes are composed of a length of tubular dialysis membrane through which
a solution, usually devoid of the analyte of interest, is constantly perfused. The dialysis
membrane is semipermeable and permits free transport of some but not all solutes. Permeability
is typically limited to small molecules with molecular masses less than 20,000 Da. Once the
probe is inserted into an external medium (i.e., tissue), substances at the outside surface of the
dialysis membrane that are present in lower concentrations in the perfusate diffuse through the
membrane into the perfusate. The perfusate slowly flows through the length of the dialysis
probe into the outflow tubing where it can be collected for subsequent analyte quantification.

The presence of the microdialysis probe impacts on the external medium surrounding it. As
low-molecular-weight solutes are removed from the external medium by the microdialysis
probe, a zone around the probe becomes depleted of solute. Depletion is not complete because
the external medium is continuous and large, so that the solutes can be partially replaced by
diffusion from areas of higher concentration that are undisturbed by the probe. However, it is
probable that the supply of a particular solute will not equal its loss, and therefore the
concentration of the solute in the area immediately adjacent to the probe membrane will be
reduced. Therefore, a description of the microdialysis process should include an account of the
changes in concentration of the analyte in the tissue around the probe. Of particular interest
will be the difference in concentration between the undisturbed tissue and the dialysate and the
size of the area of analyte depletion (penetration distance). This information will aid in the
interpretation of the results from a microdialysis experiment by providing a measure of probe
efficiency that makes it possible to calibrate the concentration of the analyte in the dialysate
with respect to its extracellular concentration and to identify the anatomical site from which
the microdialysis sample is collected (i.e., to determine how far away from the probe it is).

The underlying process driving analyte transport during microdialysis is generally accepted to
be diffusion. This assumption has been challenged by Bungay and Gonzales (1996) who
showed that ultrafiltration, as a result of osmotic pressure differences across the probe
membrane, contributed significantly to the transfer of ethanol from the perfusate into tissue
during a microdialysis experiment. The parameters of the experiment including flow rate,
inflow tube length, and tube diameter and the chemical characteristics of ethanol likely
contributed to the occurrence of ultrafiltration. Additional mathematical considerations are
necessary to account for ultrafiltration during analyte transport. Because, however,
ultrafiltration is not expected to occur during most microdialysis experiments, it is not included
in the mathematical discussion below. The presence of ultrafiltration during microdialysis can
be identified by determining if fluid volume is lost during dialysis. Diffusion of a given analyte
involves transport of that analyte down its concentration gradient from the “undisturbed” tissue
into the perfusate. An analysis of the slope of the concentration gradient, the radial distance
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over which the concentration gradient occurs, and the net change in concentration of the analyte
(extraction fraction) over the course of the concentration gradient can be used to describe the
transport of analyte during microdialysis. It is important to note that the concentration gradient
is influenced not only by the physical attributes of the analyte (i.e., molecular weight,
hydrophobicity, and tertiary structure), but also by the physical composition of the medium in
which transport occurs. Therefore, a complete characterization of the transport of an analyte
during microdialysis involves a description of the concentration gradient in the external
medium (e.g., tissue), the concentration gradient across the membrane, and the concentration
gradient across the annular width of the microdialysis probe.

PRINCIPLES UNDERLYING MICRODIALYSIS
During microdialysis, substances move from an area of higher concentration through the probe
to an area of lower concentration. The direction of movement, into or out of the microdialysis
probe, is set by the experimenter, who biases the procedure so that the concentration of the
analyte under study is higher on one side of the probe membrane. In this way, the technique is
used either to sample a substance from an external solution or to deliver a substance to the
external solution. The extraction fraction (i.e., probe efficiency or relative recovery) defines
the proportional difference in concentration between the highest concentration of substance
and the lowest concentration of the substance (e.g., “undisturbed” extracellular concentration
versus dialysate concentration as illustrated in Fig. 7.1.1). Knowing the relative recovery is
essential in estimating the external concentration of a substance from the concentration of that
same substance in the dialysate. In addition, for practical reasons, knowing relative recovery
makes it easier to choose the flow rate and collection period that will supply samples of
sufficient concentration for detection.

Relative recovery can be determined empirically if the external concentration of the substance
is known or directly measurable. Such is the case for in vitro preparations, in which direct
measurement of the substance in the external solution is easily accomplished (see UNIT 7.2
for microdialysis in vitro). An empirical determination of in vivo recovery can also be obtained
by using one of several quantitative microdialysis methods described in the next section.
However, many microdialysis experiments have used in vitro relative recovery to transform
in vivo dialysate levels to estimates of extracellular concentration. This latter method of
estimating extracellular concentration of an analyte has proved to be imprecise (Glick et al.,
1994), mainly because diffusion in tissue differs significantly from diffusion in a solution
(Nicholson and Rice, 1986).

A number of mathematical models have been developed to describe the processes governing
analyte transport during in vitro and in vivo microdialysis (Amberg and Lindefors, 1989;
Benveniste, 1989; Lindefors et al., 1989b; Bungay et al., 1990). These models provide testable
hypotheses regarding how and why relative recovery in tissue deviates from relative recovery
in solution and provide the basis with which to understand how dialysate levels of an analyte
relate to extracellular concentration. A brief theoretical treatment of the microdialysis process
is given below.

The physical laws governing diffusion and convective processes describe the movement of
substances across a medium in which a concentration gradient exists (for discussion of this
subject, see Friedman, 1986). The description of analyte transport during microdialysis has
been limited to the consideration of diffusive processes alone, as the impact of convective
processes during microdialysis, such as osmotic and/or hydrostatic pressure differences across
the membranes, are thought to be negligible (Benveniste, 1989; Bungay et al., 1990). The rate
of analyte transport by diffusion can be described mathematically by Fick’s law of diffusion
which states that:
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where J is the flux (i.e., moles of solute transported over the area of diffusion), D is the diffusion
coefficient, Δc is the change in concentration of the analyte over the area of diffusion, and
Δr is the small length over which diffusion occurs. The assumptions underlying this expression
are that the transport of the analyte occurs through an ideal solution that is homogeneous in
composition and that the concentration gradient is at steady state. Of course, these assumptions
are not met during microdialysis. Therefore, the expression of flux must be altered to reflect
analyte diffusion in a microdialysis preparation.

Consider first the composition of the solution or medium through which diffusion occurs.
During microdialysis, substances move across three media, each of distinct composition:
perfusate, membrane, and external medium (i.e., tissue). The factors that guide diffusion will
vary in each medium, and thus the concentration profile will differ. Therefore, the diffusional
characteristics of a substance in each medium must be considered separately. An expression
of flux that allows for the consideration of analyte transport across several media is given by
the following equation:

Here transport is expressed as resistance R instead of diffusivity D because resistances, in
series, can be added (Friedman, 1986). In this equation the subscripts 1, 2, and 3 refer to the
three media over which diffusion occurs (external medium, membrane, and perfusate),
ΔC1–3 is the overall concentration difference between the phases, and Rx is the resistance to
diffusion, or inverse permeability, of the solute in medium x of Rx. The form of the expression
can be modified to account for the way in which the medium of each phase deviates from the
ideal solution.

Bungay et al. (1990), who have provided the most comprehensive discussion of analyte
transport during microdialysis under steady-state conditions, use the expression of mass
transport resistance to describe the proportional difference in analyte concentration between
the undisturbed external medium and the microdialysis probe perfusate (Ed). Solving the mass
transport resistance equation, above, for the appropriate geometry and boundary conditions,
Ed under steady-state conditions is given by:

where Qd is the perfusate flow rate and Rd, Rm, and Re are the resistances for the dialysate,
membrane, and external medium, respectively. Cout is the concentration of solute in the
dialysate sample, Cin is the concentration of solute in the perfusate (typically zero for
conventional microdialysis experiments), and Cext is the concentration of solute in tissue
undisturbed by the action of the microdialysis probe.

Ed provides a measure of probe efficiency. It is the correction factor by which to transform
analyte concentration in dialysates to extracellular concentration. Changes in Ed will occur
when there are changes in diffusional resistance or changes in flow rate. For small hydrophilic
substances studied so far, the greatest source of resistance during microdialysis has been found
to be tissue (Re > Rm > Rd; Bungay et al., 1990). Changes in the processes underlying differential
resistance in tissue will change Ed.

Changes in Ed appear simply as increases or decreases in dialysate concentration of the analyte,
and do not necessarily mean that extracellular concentration has changed. Decreased Ed may
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mean reduced relative recovery and/or increased radial distance between undisturbed tissue
and the probe. Increased Ed may mean that the source of undisturbed analyte was either closer
to the probe and decreased Ed may mean that the undisturbed tissue was farther away. An
increase in Ed would increase relative recovery and reduce the radial distance between the
undisturbed tissue and the probe. In most conventional microdialysis reports, an underlying
assumption is that Ed remains unchanged over the course of dialysate collection, so any change
in dialysate concentration is interpreted as a change in extracellular concentration (or release
of the analyte). Increasing evidence suggests that this assumption is not always valid (Justice,
1993). A theoretical consideration of the factors affecting tissue resistance, and therefore Ed,
is presented below.

The general expression proposed by Bungay et al. (1990) to describe resistance in a
microdialysis preparation is:

where r is the length over which diffusion occurs, Deff is the (effective) diffusion coefficient
corrected for the complex geometry of the extracellular space, ϕ is the volume fraction, and
S is the surface area of the probe. Therefore, we can expect that resistance to analyte transport
in each medium can be determined by finding the distance over which the concentration
gradient occurs (e.g., from the boundary of the “undisturbed” area in the external solution to
the outer boundary of the membrane) and dividing that distance by the product of the volume
fraction (e.g., 1.0 for water), surface area (e.g., of the membrane), and effective diffusion
coefficient. The specific mathematical description of resistance in each medium will also
contain elements that specify the way in which diffusion in that medium deviates from diffusion
in an ideal solution.

Specific expressions for diffusional resistance in the membrane, perfusate, and tissue are
detailed in Bungay et al. (1990). The parameters (i.e., Δr, Deff) needed to solve the resistance
equation for the membrane and the perfusate can be determined empirically. Further, it is
generally expected that diffusional resistance in the membrane and perfusate is not
concentration dependent and is unaffected by any experimental manipulation. Therefore, Rm
and Rd should remain constant between and within experimental groups and can be determined
independently in a solution. The calculation of tissue resistance is complicated by the fact that
both Δr and Deff are unknown and not easily measured. The distance over which the
concentration gradient develops, propagating from the probe into the tissue, is inversely related
to diffusivity and directly related to the diffusional resistance of the analyte in tissue: as
diffusional resistance of an analyte increases, the area over which the concentration gradient
develops increases.

Resistance in tissue is significantly increased by the presence of impermeable cell membranes
because of the reduced fluid volume available for diffusion (the extracellular space is estimated
to be 20% of the total volume in the brain) and increased complexity in the diffusional path
(Nicholson and Rice, 1986). Both factors slow diffusion and increase the Re. In addition, for
endogenous substances, generation and removal of the substances are distributed throughout
the tissue, regulated by multiple physiological mechanisms, and subject to change as a result
of experimental manipulation. To determine the concentration profile of the analyte radiating
from the probe in tissue, we must solve the mass balance equation which accounts for all factors
that affect diffusion in tissue, including the generation and degradation of the analyte.

Consider the general differential mass balance equation proposed by Bungay et al. (1990) to
describe the extracellular concentration of an analyte in a differential element at time t:
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where Cp, Ce, and Ci are the concentrations of analyte in plasma and in extracellular and
intracellular compartments, respectively. In this equation, km is a rate constant for irreversible
metabolism, kpe and kep are the rate constants for analyte transport between the extracellular
fluid and plasma, and kr and ku are the rate constants for transport between the extracellular
and the intracellular compartments by release (kr) and uptake (ku). The components of the
differential mass balance equation are intended to describe all factors that affect the
concentration profile of the analyte with the following assumptions: metabolism is linear; tissue
binding is rapid and linear; tissue diffusion occurs mainly through the extracellular space; the
sampled substance may enter or leave tissue by transport into microvessels that are uniformly
distributed in tissue; no sources or sinks for the substance exist in the dialysis membrane; and
axial diffusion in the perfusate is minor (Bungay et al., 1990; Morrison et al., 1991).

An important assumption in the above mass balance equation is that terms for analyte
degradation are dependent on the extracellular concentration (terms containing ku, km, and
kep), whereas the terms for analyte generation are dependent on intracellular concentration (i.e.,
terms containing kpe and kr). This means that the analyte depletion caused by the probe will
affect the analyte degradation but not the analyte generation in tissue falling within the
depletion zone (the area defined by r in previous equations). The concentration profile
described by the solution of the mass balance equation will provide a measure of probe
efficiency—giving information on the relative loss of analyte concentration between the
undisturbed tissue and the probe as well as the area over which the concentration profile will
change the efficiency of the probe (relative recovery and penetration distance).

As mentioned above, it is assumed in the mass balance equation that terms for analyte
degradation are dependent on the extracellular concentration, whereas terms for analyte
generation are dependent on intracellular concentration, meaning that the analyte depletion
caused by the probe affects degradation, but it does not affect the generation of the analyte in
tissue located within the depletion zone. Any external manipulation that changes the rate of
degradation will change the steady state concentration profile (slope and distance) and, in turn,
the efficiency of the probe (Ed). The direction of change follows directly—increases in analyte
clearance increase probe efficiency while decreases in analyte clearance decrease probe
efficiency.

The spatial resolution of the probe, or penetration distance (Γ), also changes when the rate of
analyte clearance changes. This relationship can be expressed as (Bungay et al., 1990):

where kep is the first-order rate constant representing efflux to the microvasculature, km is the
first-order rate constant representing irreversible extracellular metabolism, and ku is the first-
order rate constant representing the effect of uptake. Γ is used here to define Δr. This shows
that the penetration depth of the concentration gradient induced by the probe is reduced as these
rate constants increase. Thus, as the rate of analyte clearance increases, the penetration depth,
Γ, decreases and resistance, Re, increases.

Two important predictions arise from the theoretical consideration of tissue resistance. First,
it suggests that any experimental manipulation that changes the rate of analyte clearance will
also change Ed. Therefore, when the experimental manipulation impacts on analyte clearance,
changes in dialysate concentration of the analyte under study will reflect not only changes in

Shippenberg and Thompson Page 7

Curr Protoc Neurosci. Author manuscript; available in PMC 2008 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



extracellular concentration but also a change in analyte clearance. (Note that these changes
may be in opposite directions. An increase in transmitter uptake would increase Ed but decrease
extracellular concentration.) Second, it suggests that the penetration depth of the concentration
gradient in tissue will be analyte dependent and potentially variable under conditions when the
experimental manipulation modifies analyte clearance. This may be a limiting factor in
instances in which small areas of tissue are being sampled (e.g., brain nuclei) in that the
“undisturbed tissue” may be outside the area of interest. Note that for substances such as
neurotransmitters, which are tightly regulated, clearance rates tend to be high and therefore
penetration depths shallow (see Bungay et al., 1990, and Dykstra et al., 1992, for more
discussion).

Theoretical consideration of the processes underlying diffusion during microdialysis has
advanced greatly and provided new insight into the complexities of interpreting microdialysis
data. Additional discussion is available in the reports by Bungay et al. (1990) and Morrison et
al. (1991) and in reviews by Justice (1993) and Parsons and Justice (1994). The report by
Morrison et al. (1991) extends the mathematical model derived by Bungay et al. (1990) to the
transient condition. Empirical evaluation of these theoretical constructs has principally come
from Justice and colleagues. They have shown that pharmacological manipulations which
specifically affect the rate of analyte clearance of monoamines and acetylcholine will change
Ed in the predicted direction (Parsons and Justice, 1992; Cosford et al., 1994; Smith et al.,
1992; Vinson and Justice, 1997; see also Bruhn et al., 1995). In general, it is advisable to use
methods of microdialysis that provide in vivo estimates of relative recovery, particularly when
group differences in the rate of analyte clearance are suspected and/or recovery is low. In this
way, it will be possible to weight dialysate levels by in vivo recovery to test hypotheses
regarding extracellular concentration. Finally, an important outcome from the theoretical
treatment of the underlying processes guiding microdialysis is that it is possible to use in vivo
recovery, Ed, as an index of the rate of analyte clearance (Bungay et al., 1990; Justice, 1993;
Bruhn et al., 1995).

EMPIRICAL METHODS FOR DETERMINING IN VIVO RELATIVE RECOVERY
Estimates of in vivo probe efficacy (extraction fraction, Ed) are important for two purposes.
First, knowledge of in vivo Ed provides a way of accurately converting dialysate levels to
extracellular concentration and, thus, serves as a calibration tool. Second, as discussed above
(see Principles Underlying Microdialysis), when Ed is low, changes in the in vivo Ed parallel
changes in the resistance of tissue to analyte diffusion. Changes in tissue resistance, in turn,
may reflect underlying differences in the metabolism and clearance of the analyte (Justice,
1993; Cosford et al., 1996; Vinson and Justice, 1997).

In early studies, estimates of in vivo Ed were obtained from measurement of in vitro Ed.
However, it was soon recognized that the main source of resistance to diffusion during
microdialysis arises from the external medium (Jacobson et al., 1985; Benveniste, 1989) and
not the dialysis membrane. Therefore, estimates of Ed by in vitro calibration were inaccurate.
Several groups have developed empirical methods to directly determine in vivo Ed (Jacobson
et al., 1985; Lonnroth et al., 1987, 1989; Larsson, 1991). The basic designs of these methods
are described below. In addition, the use of in vitro assays to estimate in vivo Ed is reconsidered.

Difference Method
The difference method described in UNIT 7.2 for determining extracellular concentrations of
analytes will also yield an estimate of the in vivo Ed. It is the slope of the linear regression that
describes the dialysate concentration of the analyte under study as a function of experimenter-
controlled variations in perfusate analyte concentration. The net difference between the
perfusate concentration and the dialysate concentration of the analyte is assumed to result solely
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from the gain or loss of analyte by diffusion across the microdialysis probe membrane. The
direction of diffusion (into or out of the probe) is dictated by the undisturbed tissue
concentration and could be either a gain of analyte (if the perfusate concentration is lower than
the tissue concentration) or a loss of analyte (if the perfusate concentration is greater than the
tissue concentration). In this approach, referred to as the variation in concentration method
(Justice, 1993; Parsons and Justice, 1994), analysis is accomplished by perfusing several
concentrations of the analyte of interest through the dialysis probe (Cin) in random order and
determining the net change in perfusate concentration after dialysis (Cin − Cout), where Cout is
the dialysate concentration for each Cin. The slope defined by the linear regression equation
describing Cin − Cout (net change) as a function of Cin (starting perfusate concentration)
provides the proportional difference between dialysate concentration and the undisturbed tissue
concentration of analyte (Cext, the “undisturbed” tissue concentration). This proportion, the
extraction fraction, describes the transport of analyte to and from the probe and is defined
mathematically by:

The reader is referred to UNIT 7.2 for more details on the application of this technique under
steady-state and transient conditions (see Principles Underlying Microdialysis or Bungay et
al., 1990, for more detailed mathematical description of Ed).

Group comparison of Ed values can easily be made on data collected under steady-state and
transient conditions. Typically, under steady-state conditions, all data necessary for calculation
of the linear regression equation are collected in each subject. Therefore, each Ed is obtained
for each subject and can be treated as any other dependent variable. Under transient conditions,
the data necessary for calculation of the linear regression equation are collected from a group
of subjects. In this case, Ed is obtained for each group and can be compared using standard
regression statistics that test for parallelism of slopes. Group differences in Ed would suggest
that probe efficacy varies by group and that differences in analyte dialysate levels reflect
something more than a change in extracellular concentration (Justice, 1993).

The difference technique is easy to apply and analysis of in vivo Ed data is straightforward.
Moreover, when group differences in Ed are observed, it is possible to use the Ed as a calibration
tool to correct dialysate data to obtain extracellular concentrations and to test hypotheses
concerning group differences in extracellular concentration.

Finally, theoretical consideration of the factors affecting Ed suggests that changes in Ed parallel
changes in the rate of analyte clearance (see discussion of Principles Underlying
Microdialysis). Therefore, changes in Ed can provide indirect measures of the rate of analyte
clearance.

Flow Rate Method
The flow rate method was one of the first empirical methods designed to determine extracellular
concentration by determining the relationship between perfusate flow rate, the active area of
the membrane, and the mass transfer coefficient and then extrapolating to the case of zero flow
rate (Jacobson et al., 1985). The dialysate concentration at zero flow rate is expected to be
equal to the extracellular concentration of undisturbed tissue. The equation:

is written to describe Ed, where Cout is the concentration in the dialysis probe, Cext is the
concentration of analyte in undisturbed tissue, K0 is the mass transfer coefficient, A is the active
area of the microdialysis probe membrane, and F is the perfusion flow rate. This equation can
be related to the mathematical model of Ed described above (see Principles Underlying
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Microdialysis). Here K0A is equivalent to 1/(Rd + Rm + Re), and the entire expression is
equivalent to Ed (Bungay et al., 1990).

The above equation describes a nonlinear regression to a set of dialysate data collected at
varying flow rates. The nonlinearity is not surprising given that the source of greatest resistance
will vary by flow rate. The source of maximum resistance to transport of the analyte when
Ed is low will lie in the external solution, while the source of maximum resistance to transport
of the analyte when Ed is high will lie in the membrane. This is a limiting factor for the use of
this technique since it does not yield a single best fit as in linear regression (Parsons and Justice,
1994). Furthermore, most of the data should be obtained at very low flow rates (<1 mM/min)
to increase the accuracy of the regression analysis in its most dynamic range. Unfortunately,
low flow rates require long collection periods to obtain appropriate sample volumes. Some
attempts to overcome these limitations have been addressed; however, this technique has had
limited application (Stahle et al., 1991; Menacherry et al., 1992).

Internal Standard Method
The internal standard method measures Ed by measuring the loss of an internal standard from
the perfusate (Larsson, 1991; Scheller and Kolb, 1991). Extraction fraction is given as the
relative loss of the standard (RL) as shown by:

where Cin is the starting concentration of the internal standard and Cout is the dialysate
concentration of the internal standard. The internal standard is usually a radiolabeled version
of the analyte of interest. The assumption is that perfusion of the internal standard across the
dialysis membrane is not limited regardless of the amount of unlabeled analyte present. This
assumption has received support from in vitro studies in which increasing concentrations of
the analyte of interest in the test solution did not change RL (Scheller and Kolb, 1991). With
this method it is necessary to show that the labeled standard is diffusionally similar to the
unlabeled analyte (e.g., has a similar diffusion coefficient through the membrane and similar
clearance mechanisms in tissue), and one must avoid high concentrations that would tend to
make the membrane the limiting site of diffusion in the overall diffusional path (Le Quellec et
al., 1995; Lonnroth and Strindberg, 1995).

In Vitro Recovery Method
When the primary resistance of the membrane is greater than the resistance of the external
medium, then no difference between in vitro recovery and in vivo recovery is expected.
Circumstances in which this might occur are found in microdialysis protocols that use very
slow flow rates and/or long dialysis fibers, or diffusionally resistant membranes (e.g., when
high-molecular-weight substances are sampled or membranes with very small pore sizes are
used). Unfortunately, use of a highly resistant membrane is typically not possible, because
Ed becomes so low that the detectability of the analyte is compromised (Bungay et al., 1990).
Slow perfusate flow rates yield nearly 100% recovery but require a relatively long collection
period, or very small sample volume, which may compromise other aspects of the experiment
(Menacherry et al., 1992). In vitro recovery methods may become more advantageous as more
sensitive detection sampling and holding methods become available.

FACTORS AFFECTING IN VIVO RECOVERY
During microdialysis, analytes pass through a semipermeable membrane from the extracellular
fluid (ECF) into a perfusate that is collected over a predetermined time and volume. Because
the membrane is semipermeable only some solutes, namely, low-molecular-weight solutes,
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will be recovered. The concentration of analyte collected by this method will represent only a
fraction of the ECF concentration.

The factors determining the amount of analyte recovered during microdialysis are described
below. Consideration of these factors during the design phase of a microdialysis experiment
will greatly enhance the success of that experiment (see Strategy for Determining Experimental
Design) by assuring detectable levels of analyte in each dialysate sample. In addition, an
understanding of these factors reveals the mechanisms that contribute to the stability of
recovery during a microdialysis experiment. A major assumption underlying the application
of conventional microdialysis methods is that analyte recovery is at steady state throughout
the sampling period. Thus, consideration of the factors that contribute to changes in analyte
recovery may facilitate the experimental design and interpretation of the results.

Flow Rate
Relative recovery of an analyte (concentration of analyte per sample) is inversely proportional
to the perfusate flow rate (Johnson and Justice, 1983; Tossman et al., 1986; Wages et al.,
1986; Alexander et al., 1988; Benveniste, 1989). Thus, as the flow rate decreases the
concentration of analyte in each sample increases. Furthermore, at lower flow rates the net
depletion of solutes around the probe decreases. For analytes with low extracellular
concentration or low diffusivity, reducing the flow rate will increase the relative recovery and,
therefore, increase the probability of obtaining a detectable concentration of analyte in each
sample.

At extremely low flow rates (<0.1 µl/min) it is possible to reach near 100% recovery of an
analyte, in which case the dialysate concentration of that analyte would equal the ECF analyte
concentration (Van Wylen et al., 1986; Menacherry et al., 1992; Smith et al., 1992). The flow
rate necessary to achieve 100% relative recovery depends on both the diffusional characteristics
of the analyte under study as well as the membrane type and length. Smith et al. (1992), using
a 4-mm regenerated cellulose membrane in rat striatum, perfused artificial cerebrospinal fluid
(aCSF) at a rate of 0.057 µl/min and obtained dialysate concentrations of DA and DOPAC
(3,4-dihdroxyphenylacetic acid) similar to the in vivo extracellular concentration of these
analytes (as estimated by the difference method). Van Wylen et al. (1986) used 0.1 µl/min to
obtain near 100% recovery of adenosine, validated in vitro, using a 4-mm probe membrane in
rat striatum. These flow rates do not typically yield sufficient time or volume resolution to be
practical in most microdialysis experiments. Furthermore, for many analytes, low flow rates
are not necessary to achieve detectable concentrations in dialysates. However, for situations
in which long times and/or low volume sample handling are possible, slow flow rates offer the
advantage of providing direct measurements of extracellular concentration.

The absolute recovery of an analyte (amount of analyte per sample) is proportional to the
perfusate flow rate, up to flow rates of 2 µl/min (Wages et al., 1986; Benveniste, 1989). Thus,
for analytical assays in which the total amount of analyte, rather than concentration, is measured
(e.g., radioimmunoassay) it may be advantageous to use higher, rather than lower, flow rates
(up to 2 µl/min) to achieve a sufficient quantity of sample for detection. However, at these
higher flow rates, probe efficiency is reduced (probe efficiency is equivalent to relative
recovery), and the probe may be more sensitive to changes in the diffusional characteristics of
the analyte in tissue.

Microdialysis Probe Membrane Properties
Recovery is proportional to the membrane surface area of the probe (Hamberger et al., 1983;
Johnson and Justice, 1983; Sandberg and Lindstrom, 1983; Ungerstedt, 1984; Tossman et al.,
1986; Kendrick, 1989, 1990), assuming no change in the homogeneous nature of the tissue
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surrounding the probe. More often than not, the length of the microdialysis probe is limited by
the size of the structure under study.

Probe membrane material may also affect analyte recovery (Ungerstedt, 1984; Kendrick
1989, 1990; Hsiao et al., 1990; Mason and Romano, 1995). The membrane materials currently
used in microdialysis probes are regenerated cellulose (Cuprophan from Gambro AB),
polyacrylonitrile (PAN), and polycarbonate-ether (proprietary to CMA/Microdialysis).
Kendrick (1989, 1990) determined the in vitro recovery for a large number of analytes using
probes representative of each type of material and found a great degree of variation in recovery
among probe types. These results could be accounted for by differences in the diffusional
properties of the analyte in the membrane (see also Mason and Romano, 1995). In vivo,
however, relative recovery may be more a function of the diffusional characteristics of the
analyte in tissue than in the membrane (Bungay et al., 1990), and so similar differences in
recovery among membrane types may not occur in vivo.

Hsiao et al. (1990) compared the in vitro and in vivo recovery of acetaminophen, DOPAC,
hydroxyvalproic acid (HVA), and 5-hydroxyindoleacetic acid (5-HIAA) among the three
membrane types and found large, significant differences in the in vitro relative recovery. In
contrast, no consistent differences in recovery were found in vivo. The latter results suggest
that membrane material may have little impact on in vivo recovery under conditions in which
the maximum diffusional resistance resides in the tissue, as is typically true for low-molecular-
weight solutes. However, as molecular weight increases or if hindrance to analyte diffusion in
the membrane increases (e.g., sticky compound; Kendrick, 1989, 1990) significant differences
in probe efficiency (relative recovery) as a function of membrane material would be predicted,
since the greatest source of diffusional resistance to the analyte would be found in the
membrane (Bungay et al., 1990).

Analyte Properties
A large number of analytes have been collected by microdialysis (see Table 7.1.1). Reports of
relative recovery for different analytes vary considerably. This is due, in part, to differences
among laboratories in the microdialysis procedure used (i.e., flow rate, membrane length).
However, substantial differences in recovery as a function of molecular weight and
hydrophobicity can also be shown. By far, the most complete analysis of recovery by analyte
type was performed by Kendrick (1989), who determined the in vitro relative recovery of more
than 40 analytes under similar conditions (2 µl/min flow rate using the same probe immersed
in a solution maintained at 37°C). By analyte class, relative recovery was highest for amino
acids (33% to 40%), followed by monoamines (22% to 30%) and then neuropeptides (1.5% to
24%).

Kendrick (1989) observed a strong negative linear relationship between molecular weight and
the log percent recovery, suggesting that one explanation for the differences in relative recovery
among analytes may be molecular weight. This is not surprising given the inverse relationship
between molecular weight and the diffusion coefficient: as molecular weight increases the
diffusion coefficient decreases. The lowest relative recoveries were observed for neuropeptides
that had greater hydrophobic properties (“sticky”), suggesting that, for these analytes,
hindrance may be a significant impediment to their collection by microdialysis. Dialysate levels
obtained from sticky analytes also respond slowly to changes in the external concentration of
the analyte (particularly decreases) and generally require considerably longer periods of
equilibration to achieve a steady level of recovery (Kendrick, 1989; Thompson et al., 1995).
(Note that recovery may be concentration dependent for sticky analytes, confounding the
interpretation of experimental manipulations on dialysis data.)
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Temperature
Recovery is proportional to temperature. Temperature directly impacts on recovery by its
effects on the diffusion coefficient; a 1% to 2% increase in the diffusion coefficient is observed
for every degree Celsius increase in temperature (Bard and Faulkner, 1980). Significant
differences in relative recovery between solutions maintained at 23° and 37°C have been
observed during in vitro assays for a number of different analytes (Wages et al., 1986;
Alexander et al., 1988; Benveniste et al., 1989; Lindefors et al., 1989b; Parry et al., 1990).
These studies demonstrate that analyte recovery evaluated at room temperature (23° to 25°C)
underestimates in vivo analyte recovery. If the goal of an in vitro assay is to correspond as
closely as possible to the in vivo condition, it is necessary to assess recovery at the expected
in vivo temperature (typically 37°C). The impact of temperature on relative recovery decreases
as recovery approaches 100% (Alexander et al., 1988). Therefore, when microdialysis
conditions favor near 100% recovery, it may not be necessary to adjust for in vitro versus in
vivo differences in temperature.

Tissue Factors
Diffusion in tissue is typically slower than in an aqueous solution. This phenomenon is due,
in great part, to the reduced fluid volume and increased diffusional path (or tortuosity)
characteristic of tissue (Nicholson and Rice, 1986; Amberg and Lindefors, 1989; Lindefors et
al., 1989b; Benveniste and Huttemeier, 1990). Moreover, diffusion in tissue may be slowed
further by analyte binding to cell surface proteins along the diffusional path (Rice et al.,
1985). This means in vivo recovery of an analyte should be less than in vitro recovery of that
analyte in a stirred solution held at 37°C. However, these factors alone do not adequately
describe the difference between in vitro and in vivo estimates of relative recovery, perhaps
because, in tissue, diffusion of an analyte is also influenced by the rate of analyte clearance
(Bungay et al., 1990; Morrison et al., 1991; Dykstra et al., 1992). As the rate of analyte clearance
increases, resistance to diffusion decreases. Diffusivity in tissue, then, is somewhat greater for
substances, like neurotransmitters, that are rapidly cleared from the extracellular space.

Of course, the extent to which relative recovery, or probe efficiency, during in vivo
microdialysis is affected by tissue factors depends on in which medium (tissue, membrane, or
perfusate) the greatest resistance to diffusion occurs. When relative recovery is low, most low-
molecular-weight hydrophilic substances will meet the greatest diffusional resistance in tissue.
In these cases, changes in the physiological characteristics of tissue (i.e., fluid volume,
tortuosity, hindrance, and rate of analyte clearance) that affect diffusional resistance will
modify probe efficiency in a given microdialysis experiment. The problem is twofold. First,
decreases in recovery in vivo as a result of reduced fluid volume, increased tortuosity, and/or
increased hindrance in tissue may reduce the dialysate levels of the analyte below the sensitivity
of the analytical detection device. Second, experimental treatments (e.g., lesions, drug
treatments) or procedures (e.g., implantation of the microdialysis probe) that affect these
physiological characteristics of the tissue may lead to changes in probe efficiency. Group
differences in probe efficiency and changes in probe efficiency over the course of the
microdialysis sampling period would tend to complicate or confound the interpretation of
differences in dialysate concentration of the analyte.

PERFUSATE COMPOSITION
The perfusate is typically composed of low-molecular-weight substances, mainly ions, in
concentrations similar to those found in the extracellular fluid. Perfusate composition is
important because perfusate components diffuse into the tissue in the same way that the analyte
of interest diffuses into the microdialysis probe. Furthermore, any solute in the extracellular
fluid that is small enough to pass through the dialysis membrane, and is in a lower concentration

Shippenberg and Thompson Page 13

Curr Protoc Neurosci. Author manuscript; available in PMC 2008 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



than that in the perfusate, will diffuse into the perfusate and be depleted from the extracellular
fluid surrounding the probe.

Ideally, then, the perfusate should contain the exact concentration of all solutes that diffuse
through the probe membrane and are found in the extracellular fluid, except of course that
solute meant to be sampled. In practice, however, this is neither possible nor pragmatic. Instead,
microdialysis perfusates are most often made with the ionic composition and pH of plasma
(Ringer’s solutions) or artificial cerebrospinal fluid (aCSF or mock CSF).

Maintaining proper ionic composition is critical in the evaluation of neurochemical events.
The ionic milieu of neuronal extracellular fluid differs from plasma in both concentration and
lability (Bradbury, 1979; Wood and Wood, 1980). Numerous reports have shown that small
differences in perfusate Ca2+ concentration produce marked effects on basal neurotransmitter
levels (Westerink et al., 1988; Moghaddam and Bunney, 1989; Osborne et al., 1991). Moreover,
changing the concentration of K+ in the perfusate is a standard technique used to induce
neuronal release of many neurotransmitters (Spanagel et al., 1990; Parsons and Justice,
1992; Thompson et al., 1995). Interestingly, Obrenovitch et al. (1995) showed that the
concentration of ions in aCSF may act to “buffer” experimentally induced changes in the ionic
composition of neural tissue (i.e., spreading depression). In this case, increasing the K+

concentration in the perfusate was necessary to permit the development of spreading depression
in neural tissue. These effects are not surprising given the importance of ion concentration and
distribution in the regulation of neuronal activity and emphasize the importance of maintaining
appropriate ionic concentrations.

Information regarding the issue of solute depletion around the probe is limited. The magnitude
of solute depletion is directly related to the flow rate, such that as flow rate increases solute
depletion increases. Sam and Justice (1996) used this relationship to directly test the effect of
increasing the solute depletion (by increasing the flow rate) on basal extracellular DA
concentration in the rat striatum. They found that changes in the amount of total solute depletion
around the microdialysis probe did not, in fact, affect basal extracellular DA concentrations.
More research is necessary to determine how well this finding generalizes to other
neurochemicals. It is known that the extracellular concentrations of many analytes are regulated
by other neurochemicals in the interstitial space. Thus, during microdialysis, there could be
depletion of a substance(s) that in turn regulates the analyte under study.

Finally, it should be noted that the perfusate can be used to deliver agents into tissue, as well
as to provide preservative agents (e.g., antioxidants) or other substances that aid in the recovery
of the analyte once it has diffused into the perfusate (e.g., bovine serum albumin or antibodies).
Microdialysis probes can be used to locally administer either a continuous or pulse infusion of
drugs. One advantage of this delivery method over microinjections is that the drug is delivered
by measurable parameters of diffusion (and possibly ultrafiltration). As a result, precise
calculations of the “dose” and area affected can be determined (Bungay et al., 1990).

Preservatives are usually not diffusable through the membrane, thus eliminating the possibility
of adding an undesirable compound to the tissue. Bovine serum albumin, which is too large to
pass through most microdialysis membranes, has been used to reduce the adsorption of sticky
analytes to the probe tubing and collection vials (Kendrick, 1989). Antibodies have also been
used for similar purposes (Lambert et al., 1994). Some consideration of the impact of adding
these substances on the subsequent analyte detection is often necessary.

Ascorbic acid is frequently included in perfusates when monoamines, particularly DA, are
being collected to reduce analyte degradation after collection. Ascorbic acid readily diffuses
through most microdialysis membranes and is known to impact on the neurochemical milieu,
but it is also found endogenously. Its perfusate concentration should be limited to no more than
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that found in tissue (~0.2 mM in interstitial fluid). Ascorbate is also electroactive and typically
has a short retention time. Because of the high concentration of ascorbate, however, samples
containing ascorbate will typically have a long solvent front. Therefore, standards containing
known concentrations of DA with ascorbate, or any protective agent, should be tested before
adopting it into the experimental protocol.

STRATEGY FOR DETERMINING EXPERIMENTAL DESIGN
To summarize what has been described in this unit, microdialysis is a collection method based
on the principle of simple diffusion. A membrane that is permeable to water and small solutes
separates two fluid compartments. Molecules migrate across the semipermeable membrane
along their concentration gradient. Thus, molecules found in high concentrations within a tissue
compartment will diffuse into the probe, where they can be collected for subsequent
quantification. A significant advantage of the microdialysis method is that a variety of
analytical techniques (e.g., electrochemical detection, radioimmunoassay, and mass
spectrometry; also see UNIT 7.4) can be used for the separation and quantification of the analyte
of interest.

The challenge in designing and implementing a microdialysis experiment is to collect a sample
with both sufficient volume and concentration of analyte to permit separation and detection by
the analytical technique employed, while satisfying the experimental design specified by the
research question. Therefore, the first step in designing a dialysis experiment is to obtain
information regarding the analytical sensitivity and minimum volume of dialysate necessary
to isolate and quantify the analyte(s) of interest. Familiarity with the physicochemical
properties of the analyte of interest (e.g., molecular weight, lipophilicity) and its distribution,
concentration, and clearance from the tissue of interest will greatly facilitate subsequent
experimental design.

The volume of the collected dialysis sample is determined by the flow rate (µl/min) of the fluid
that is perfused through the probe (perfusate) and the collection period (min). The concentration
of analyte in the collected sample is dependent on the relative recovery of the analyte by the
microdialysis probe (also referred to as probe efficiency) and the analyte concentration in
tissue. An estimate of tissue concentration can generally be obtained from the literature.
Relative recovery is dependent on a number of factors that affect diffusion of the analyte from
the tissue to the perfusate, including perfusate composition, membrane composition, active
area (or length) of the membrane, flow rate, temperature, and, in many cases, diffusional
characteristics of the analyte(s) in tissue. Small changes in these factors may produce
significant changes in relative recovery of the analyte(s). In addition, other factors such as the
material and surface area of the outflow tubing employed, tubing length, and method of sample
storage may diminish the actual concentration of an analyte in the sample. For example, some
analytes are particularly prone to adsorption to materials such as the surface of the outflow
tubing or the inner surface of the collection vial. Others may have low thermal stability (e.g.,
monoamines that are oxidized) and degrade quickly following collection. Fortunately, many
of these problems have been identified in the literature or can be resolved using in vitro assays.

The following strategy is recommended for investigators first setting up microdialysis, or for
those establishing procedures for the collection of substances not already described in the
literature.

1. Determine the sensitivity of the analytical equipment and the minimum sample
volume required for the handling of physiologically relevant levels of analyte.

2. Determine if any loss of the analyte might occur following its diffusion into the
microdialysis probe. This can be assessed by perfusing a known concentration of the
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analyte of interest through the inflow/outflow tubing into a collection vial. The
concentration of analyte in the collection vial should be the same as the starting
concentration. A physiologically relevant concentration(s) of the analyte of interest
should be used, and any additional equipment, such as a liquid switch, that the analyte
might contact should be tested in this way. If significant loss of analyte is found, then
the source of the loss can be identified by systematically testing each component of
the dialysis setup. Loss of analyte to the tubing, collection vial, or any other piece of
equipment through the which the perfusate flows is often the result of surface
adsorption. However, degradation of the sample by enzymes (from a bacterial source)
or physicochemical interactions (e.g., oxidation) with metal or tubing may also
contribute to sample loss.

3. Evaluate the sample storage method. Two issues should be considered. First, some
analytes will degrade rapidly at room temperature (e.g., monoamines). Therefore,
optimal collection and storage conditions must be determined. Frequently, reducing
the temperature of the sample once it is collected or including a protective agent in
the collection vial or perfusate will increase analyte stability. For example, the
addition of ascorbic acid to the perfusate or perchloric acid to the collection vial will
protect catecholamines from oxidative degradation. Second, because microdialysis
samples tend to be very small (in the microliter range), evaporation of the sample may
occur over long collection periods. In this case, it would be advisable to seal the
collection vials during sample collection.

4. Consider the length and diameter of the inflow/outflow tubing. The combination of
long, narrow tubing and higher flow rates may produce considerable back pressure
in the probe, resulting in ultrafiltration (“sweating”) of the perfusate. The net impact
on sample collection will be a reduction in relative recovery. In addition, it is important
to know the “dead volume” for each dialysis setup, as this will affect the calculated
time course of a given neurochemical response. For example, if the capacity of the
outflow tubing is 10 µl and the perfusion rate is 2.0 µl/min, there will be a 5-min lag
in measuring the response to a given manipulation.

5. Choose a probe membrane. The molecular weight cutoff should be considerably larger
than the analyte of interest yet small enough to maintain the semipermeable nature of
the membrane. Several types of membranes are used commercially, and at least one
report has shown that some membrane materials may be better suited for the collection
of analytes that prove to be sticky, e.g., hydrophobic neuropeptides; see Kendrick
(1990) and UNIT 7.2.

6. Determine the maximum length of active membrane accessible to the tissue under
study. The goal here is to increase the surface area through which dialysis occurs. The
surface area of a microdialysis probe is increased by increasing the length, and not
the diameter, of the probe. In tissue, the maximum length of the probe is generally
dictated by the size of the region in which the probe will be implanted. When probe
length is not limited by tissue size, the length should be great enough to produce
maximum or near maximum recovery. The effect of probe length on analyte recovery
can be easily determined in vitro.

7. Choose a perfusate that is compatible with the organ system and analyte being
measured. As a rule, perfusion fluids should be isoosmotic. Remember that diffusion
during microdialysis is bidirectional, so that low-molecular-weight solutes in the
perfusate will diffuse out of the probe and into tissue.

8. Determine the longest collection period that will still permit hypothesis testing.
Typically, the longer the collection period the slower is the flow rate necessary to
yield a sufficient volume for analytical detection.
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9. Choose a flow rate that will yield sufficient volume for the desired collection period.
Slower flow rates will increase the relative recovery of the analyte of interest.

10. Use an in vitro assay to determine if the flow rate and collection period selected yield
a sample with a detectable concentration of analyte (use an estimate of actual
extracellular tissue concentration).

11. Consider an in vivo pilot procedure to assure adequate sample recovery before
investing in a larger experiment.
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Figure 7.1.1.
Representation of the “inside view” of a microdialysis probe. The microdialysis probe, which
consists of an inflow and outflow tubing (A) separated by tubing made of dialysis membrane,
is implanted surgically into a specific area within the brain (B). The enlarged view (C)
illustrates the complex composition of the fluid through which analytes (black dots) must
diffuse to get to the microdialysis probe. The presence of impermeable cells such as blood
vessels (V) reduces the fluid volume surrounding the probe and increases the diffusional path
(arrow) of analytes moving toward the probe. The net effect is a decreased diffusivity in this
phase.
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Table 7.1.1
Compounds Analyzed by Microdialysis

Substancea Reference

N-acetylaspartate Taylor et al., 1994
N-[3H]acetylaspartylglutamate Tsai et al., 1988
Acetylcholine Consolo et al., 1987; Damsma et al., 1987
Adenosine Chen et al., 1992; Lonnroth et al., 1989
Ascorbate Hallstrom et al., 1989
Aspartate, D-[3H]aspartate Kendrick et al., 1988; Nielsen et al., 1989
Bradykinin Siragy et al., 1993
Carbamazepine, carbamazepine epoxide Scheyer et al., 1994a
Cyclic AMP Stone and John, 1992
5-S-cysteinyldopa Blomquist et al., 1991
3,4-dihydroxyphenylethyleneglycol Itoh et al., 1990
Dopamine and metabolites Imperato and Di Chiara, 1984; Zetterstrom et al., 1988
Eicosanoid Callaghhan et al., 1994
Endogenous opioid peptides Maidment et al., 1989
Epinephrine Dev et al., 1992
Ethanol levels Dev et al., 1992
Follicle stimulating hormone Lincoln, 1992
GABA Bourdelais and Kalivas, 1992
Glucose de Boer et al., 1992
Glutamate Dietze and Kushinsky, 1992
Glutathione and other thiols Dizdar et al., 1991
Histamine Petersen et al., 1992a,b
5-hydroxyindoleacetic acid Guadalupe et al., 1992
5-hydroxytryptophol Yoshimoto et al., 1992
Hypoxanthine Hagberg et al., 1987
Imipramine and metabolites Sato et al., 1994
Inorganic phosphate Scheller et al., 1992
Inosine Hagberg et al., 1987
Kynurenic acid Russi et al., 1992
Lactate Hallstrom et al., 1989; Okuda et al., 1992a,b
Levodopa, DA, and their metabolites Deleu et al., 1993
LHRH Steele et al., 1992
Melatonin Hasegawa and Ebihara, 1992
Methotrexate Matsuyama et al., 1994
3-O-methyldopa Deleu et al., 1993
MHPG Kubota et al., 1993
Neurokinin A Lindefors et al., 1989a
Neuropeptide Y Lambert et al., 1994
Neurotensin During et al., 1992
Norepinephrine Abercrombie and Zigmond, 1989
Oxidation of 14C-labeled substrates to 14CO2 Huang et al., 1993
Oxytocin Kendrick et al., 1988
L-phenylalanine Brust and Diemer, 1990
Phenytoin Scheyer et al., 1994b
Progesterone Miyamoto and Schams, 1991
Prolactin Lincoln, 1992
Propranolol Lonnroth et al., 1991
Pyruvate Hallstrom et al., 1989
Quinolinic acid Specialle et al., 1988
Salicylic acid Chiueh et al., 1992
Serotonin and metabolites Wright et al., 1992
Somatostatin Lahtinen et al., 1992
Substance P Linderoth et al., 1992
Taurine Tossman et al., 1985
Theophylline Tossman et al., 1985
Valproic acid Golden et al., 1993
Vasopressin Ota et al., 1992
Xanthine Hagberg et al., 1987
Zidovudine Wang and Sawchuk, 1995

a
GABA, γ-aminobutyric acid; DA, dopamine; LHRH, luteinizing hormone releasing hormone; MHPG, 4-hydroxy-3-methylphenylglycol.
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Table 7.1.2
Tissues Analyzed by Microdialysis

Organ system Reference

Adipose tissue Hallstrom et al., 1989
Adrenal glands Kuzmin et al., 1990
Blood Sjoberg et al., 1992
Brain Hallstrom et al., 1989
Heart Kuzmin et al., 1992
Ileum Fukui et al., 1993
Kidney Siragy, 1992
Liver Okuda et al., 1992b
Luteal tissue Sauerwein et al., 1992
Muscle Hallstrom et al., 1989
Pancreas Jonsson et al., 1992
Retina Louzada-Junior et al., 1992
Skin Petersen et al., 1992b
Spinal cord Linderoth et al., 1992
Spleen Shimizu et al., 1994
Subcutaneous tissue Deleu et al., 1993
Uterus Nordenvall et al., 1989
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Table 7.1.3
Species Analyzed by Microdialysis

Species Reference

Carnivoran
Cat Linderoth et al., 1992
Dog Kuzmin et al., 1992
Primate
Baboon Khan-Dawood et al., 1994
Common marmoset Nomoto et al., 1994
Cynomolgus monkey Ljungdahl-Stahle et al., 1992
Human Petersen et al., 1992a,b
Rhesus monkey Saunders et al., 1993
Rodentian
Gerbil Yue et al., 1992
Guinea pig Callaghhan et al., 1994
Mouse Rollema et al., 1989
Rat Wright et al., 1992
Siberian hamster Glass et al., 1992
Artiodactylan
Cow Einspanier et al., 1990
Goat Hashizume et al., 1995
Pig Jonsson et al., 1992
Sheep Kendrick et al., 1989
Other
Horse Ingvast-Larsson et al., 1991
Pigeon Hasegawa and Ebihara, 1992
Rabbit Wang and Sawchuck, 1995
Rainbow trout Hylland et al., 1995
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