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Abstract

A quantitative microdialysis method was used to determine the effect of local perfusion of 0, 100, 200, and 300 nM neostigmine
(NEO) on acetylcholine (ACh) extracellular concentration and microdialysis extraction fraction (Ed) in the striatum of the rat.
Because of the efficiency of AChE, the inhibition of this enzyme is expected to result in a substantial increase in ACh levels and
a decrease in the Ed of ACh. The extracellular concentration of ACh increased linearly with increasing concentrations of NEO.
The control ACh concentration was determined to be 18.4911.8 nM (n=10; mean9S.E.M.) The ACh extracellular concentra-
tion for the remaining groups was determined to be 173914 nM (n=5), 329952.5 nM (n=13), and 5819109 nM (n=10) for
the 100, 200, and 300 nM NEO groups, respectively. Perfusion with 300 nM NEO resulted in a significant reduction in the Ed of
ACh (64.593.5% vs. 43.697.5%, PB0.05). In contrast to ACh, perfusion with 0, 1, and 10 mM hemicholinium-3, an inhibitor
of high-affinity choline uptake, increased choline levels but did not affect the Ed of choline. The effects on Ed are consistent with
Ed being influenced by rapid clearance mechanisms. © 1997 Elsevier Science B.V.
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1. Introduction

The acetylcholine (ACh) system is of great interest
because of its effects on other neurotransmitter systems
and its involvement in many disease states (Cooper,
1994; Di Chiara et al., 1994). After ACh is released, it
is rapidly metabolized into choline by acetyl-
cholinesterase (AChE). A portion of the produced
choline is taken back up into the ACh cell by a
high-affinity transporter and used for the synthesis of
ACh. It is the efficiency of the AChE that maintains the
low levels of ACh in the extracellular space. A change
in the normal functioning of any component in this
cycle can result in adverse symptoms or disorders in
humans. For example, there is current interest in the
effect that cholinesterase inhibitors administered as

medicinal agents have on the ACh system (Loewen-
stein-Lichtenstein et al., 1995). Cholinesterase inhibitors
are also used in microdialysis experiments to increase
ACh to detectable levels in dialysate (Damsma and
Fibiger, 1991; Anderson et al., 1994; Imperato et al.,
1994). A concern that has been raised in ACh research
is the effect of AChE inhibitors included in the per-
fusate during microdialysis experiments (de Boer et al.,
1990; Kawashima et al., 1991; Marshall and Wurtman,
1993). The quantitative microdialysis method described
here provides measures of the effect of AChE inhibition
on both the ACh concentration and AChE activity.

Using the quantitative microdialysis method devel-
oped by Lönnroth et al. (1987) and applied in this lab
to the monoamines (Justice, 1993), the extracellular
concentration of a substance, as well as its extraction
fraction (Ed or recovery), can be determined. In some
cases, the percent increase that is detected using tradi-
tional microdialysis can be distorted due to a change in
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the Ed of the substance being measured (Olson and
Justice, 1993) and will not accurately follow the change
in the extracellular concentration of that substance. The
quantitation of the concentration of a substance inde-
pendent of its Ed with the quantitative microdialysis
method enables one to determine the absolute effect of
a drug or stimulus on the concentration of that sub-
stance. The overall effect of the drug or stimulus is
observed as an increase, decrease, or no change in the
extracellular concentration of the substance being mea-
sured. The concentration that results is the consequence
of the drug or stimulus plus any secondary effects that
may have occurred from other transmitter systems or
from the change in concentration of the substance
itself. This information can aid in determining the
effects on the system involved, such as the extent of
receptor activation, from the increase or decrease that
occurs in response to the drug or stimulus.

Microdialysis under steady-state conditions has been
described theoretically (Bungay et al., 1990). This theo-
retical description aids in understanding the microdialy-
sis sampling and delivery processes by mathematically
characterizing the Ed of the substance of interest. In
terms of the substance’s concentration, the Ed is the
fraction of substance gained or lost from the probe
relative to the concentration in the extracellular space
and that in the perfusion medium:

Ed=
Cout−Cin

Ce−Cin

where Cout is the concentration in the collected di-
alysate, Cin is the concentration in the perfusion
medium, and Ce is the undisturbed extracellular con-
centration of the substance of interest at some distance
from the probe surface. In the traditional microdialysis
sampling experiment, Cin=0 and Ed is equal to the
concentration in the dialysate divided by the extracellu-
lar concentration.

In the steady-state model for microdialysis, the only
processes that, when altered, result in a change in the
Ed are concentration-dependent clearance processes
such as uptake and metabolism. Reuptake is the main
clearance mechanism for the monoamines and, experi-
mentally, only changes in reuptake result in a change in
Ed for dopamine (DA) (Smith and Justice, 1994) as well
as for norepinephrine (NE) and serotonin (5HT) (Olson
Cosford et al., 1996). Ideally, Ed could be used as a
measure for uptake in these systems. The main clear-
ance mechanism for other systems may exert the same
influence on Ed. For example, in the cholinergic system,
ACh is rapidly hydrolyzed by AChE. Because this
enzyme is the main clearance mechanism for ACh, as
uptake is for the monoamines, inhibition of AChE
should result in a decrease in the Ed for ACh in
addition to increasing the concentration.

This study investigates the effect of AChE inhibition
by neostigmine (NEO) on the extracellular concentra-
tion and Ed of ACh. The results can aid in interpreting
microdialysis experiments using NEO and the effects of
other drugs that target AChE. In addition, the Ed and
extracellular concentration of choline is determined un-
der normal conditions and during inhibition of the
high-affinity uptake system for choline.

2. Methods

2.1. Materials

The following chemicals were purchased from Fisher:
methanol, NaCl, CaCl2 ·2H2O, MgCl2 ·6H2O,
Na2HPO4, D-Glucose, NaH2PO4, and EDTA. Choline
chloride, acetylcholine chloride, KCl, acetyl-
cholinesterase (AChE), choline oxidase (ChO), CNBr-
activated Sepharose 4B, tetramethylammonium
chloride (TMA), neostigmine (NEO) and hemicholin-
ium-3 (HC-3) were obtained from Sigma. Sodium pen-
tobarbital (Nembutal) was obtained from Abbot
Laboratories (North Chicago, IL) and atropine was
obtained from Elkins-Sinn, (Cherry Hill, NJ). Guide
cannula, dummy cannula, skull screws, cranioplastic
cement, and connectors were purchased from Plastics
One (Roanoke, VA). Fused silica (100 mm O.D., 40 mm
I.D.) was obtained from Polymicro Technologies
(Phoenix, AZ). Dialysis membrane (13 000 MW cutoff)
was purchased from Spectrum (Houston, TX). The
HPLC stationary phase (pH-stable silica, C18) was
purchased from Alltech. AChE/ChO immobilized en-
zyme reactor (IMER) and Kathon microbiol reagent
was purchased from Bioanalytical Systems, (BAS).

2.2. Surgery

Male Wistar rats (Harlan Sprague–Dawley) were
housed in a temperature-controlled room with lights on
from 07:00 h to 19:00 h Food and water were available
ad libitum. Rats (250–350 g) were anesthetized with 45
mg/kg Nembutal and given a dose of 0.4 mg/kg at-
ropine. Guide cannula were implanted at the top of the
anterior striatum using coordinates AP +2.7, ML
−2.7 from bregma and DV −2.7 from dura (incisor
bar set at +5.0 mm; Pellegrino et al., 1979). The guide
cannula were secured with cranioplastic cement. A
dummy cannula cut to the length of the guide was
inserted into each guide cannula. Rats were allowed 5
to 7 days recovery before the microdialysis experiment.
All surgical procedures were performed in accordance
with recommendations given by Emory University In-
stitutional Animal Care and Use Committee.
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2.3. Microdialysis

Microdialysis probes with a 4-mm active length were
constructed as described previously (Olson and Justice,
1993). Artificial cerebrospinal fluid (aCSF; 145 mM
NaCl, 2.8 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2, 5.4
mM D-glucose, and 2.0 mM Na2HPO4, pH 7.2–7.4)
was perfused at a flow rate of 0.6 m l/min through the
microdialysis probe by a 500 m l Hamilton gas tight
syringe mounted on a Harvard syringe pump. The
dummy cannula was removed and the probe inserted
into the guide cannula. Each experiment began (inser-
tion of probe) at 08:00 h. and at least 6 h passed before
samples were collected. For the experiments determin-
ing the extraction fraction of ACh, 0, 100, 200, 300,
and 400 nM ACh along with either 0, 100, 200, or 300
nM NEO was perfused through the probe in a random
order. In the choline experiments, 0, 2.5, 5, and 10 mM
choline along with either 0, 1, or 10 mM hemicholin-
ium-3 (HC-3) was perfused through the probe in a
random order. Therefore, each rat received one concen-
tration of drug throughout the experiment and each
concentration of ACh or choline. After each change of
concentration, ten minutes was allowed for steady state
to be achieved. After the 10-min equilibration, two
10-min samples were collected and stored on dry ice.
Six-m l aliquots of each standard were also frozen on
dry ice.

After each experiment, rats were deeply anesthetized
and perfused intracardially with saline followed by a
40% formalin solution. The brain was removed and
stored in a formalin solution. The brain was mounted
on a freezing microtome and cut into 50-mm sections.
Probe placement in the anterior striatum was confirmed
by comparison of these sections to an atlas (Pellegrino
et al., 1979).

2.4. Sample analysis

Samples were loaded into a Valco air-actuated valve
with a 1-m l sample loop and injected onto a 0.5×100
mm column packed with 5-mm pH-stable C18 silica.
The sample then passed through an immobilized en-
zyme reactor (IMER) where ACh was converted to
choline and H2O via AChE and choline was converted
to betaine and H2O2 via ChO. The H2O2 was the
electroactive species detected at the electrode (Pt set at
0.5 V vs. Ag/AgCl). ACh or choline was quantitated by
the injection of standards and all peaks heights were
converted to concentration. The IMER was either
made by the method of Damsma et al. (1985) by
covalently binding the enzymes to CNBr-activated Sep-
harose gel or purchased from BAS. The HPLC mobile
phase consisted of 100 mM NaH2PO4, 100 mM EDTA,
1.4 mM TMA, 0 to 0.85 mM SOS, 0.5% Kathon
reagent, pH 8.0. The detection limit for ACh was

approximately 50 nM for a 1.0-m l injection (0.05 pmol).
ACh was not detectable in dialysates with no NEO or
ACh perfused.

After sample analysis, plots of the difference between
the concentration of substance perfused (ACh or
choline) and the concentration detected in the dialysate
vs. the concentration perfused were constructed for the
control groups and the groups receiving each drug
treatment. The slope of the linear regression through
the data points provides the Ed, and the x-value corre-
sponding to y=0 provides the extracellular concentra-
tion of ACh under the applied conditions. The
regression lines for each experimental group were con-
structed from the mean regression through each rat’s
data, which results in a less biased regression as com-
pared to regression through the mean of the data. The
formula for the calculation of extracellular concentra-
tion is [ACh]ext= − (yint)/Ed, where [ACh]ext is the cal-
culated extracellular ACh concentration in nM, yint is
the y-intercept of the linear regression in nM, and Ed is
the extraction fraction or slope of the linear regression
(unitless or percent).

3. Results

3.1. Acetylcholine

Fig. 1 shows the data from the experiment applied to
ACh under control conditions and conditions employ-
ing different degrees of AChE inhibition. For the con-
trol group, the extracellular concentration estimated by

Fig. 1. The in vivo extraction fraction (Ed) of ACh under control
conditions (
) and with 100 (�), 200 (�), and 300 (�) nM NEO
perfused through the probe. The line through each group is the mean
of the individual regressions in that group. The extracellular concen-
trations are (mean9S.E.M.) 18.4911.8 nM (n=10), 173914 nM
(n=5), 329952.5 nM (n=13), and 5819109 nM (n=10) for the
control, 100, 200, and 300 nM NEO groups, respectively. The Ed

values are (in the same order) 64.593.5%, 66.799.3%, 51.594.9%,
and 43.697.5%.
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Fig. 2. (A) Ed of ACh under control conditions and with 100, 200,
and 300 nM NEO perfused through the probe. *Represents PB0.05
as determined by a pairwise comparison using a contrasts test. (B)
Calculated extracellular ACh concentration in each group vs. the
concentration of NEO that is perfused through the probe (r=0.99).

Fig. 3. Effect of HC-3 on choline for 0 (
), 1 (�), and 10 (�) mM
HC-3 perfused through the probe. See Table 1 for choline concentra-
tion and Ed values.

3.2. Choline

Fig. 3 shows the data obtained from the choline
experiment. The extracellular concentrations for the
control, 1 mM HC-3, and 10 mM HC-3 groups are
(mean9S.E.M.) 5.290.9 mM (n=8), 9.091.2 mM
(n=7), and 13.592.1 mM (n=6), respectively. The
choline Ed values, in the same order, are 38.193.9%,
43.094.5%, and 44.395.5%. A one-way ANOVA on
this data demonstrates no significant difference in the
mean Ed values of these groups (P\0.05). These re-
sults are summarized in Table 1.

Comparison of the Ed values of the ACh and choline
control groups (64.593.5% vs. 38.193.9%) with an
independent t-test shows a significant difference be-
tween the two (PB0.001).

4. Discussion

In this study, the effect of inhibiting AChE, the main
clearance mechanism for ACh, on the concentration
and extraction fraction, Ed, of ACh was determined. A

extrapolation is 18.4911.8 nM with a corresponding
Ed value of 64.593.5% (n=10, mean9S.E.M.). The
calculated ACh extracellular concentrations for the re-
maining groups are 173914 nM (n=5), 329952.5
nM (n=13), and 5819109 nM (n=10) for the 100,
200, and 300 nM NEO groups, respectively. The Ed

values (in the same order, Fig. 2A) are 66.799.3%,
51.594.9%, and 43.697.5% A pairwise comparison
using a contrasts test revealed a significant difference
between the Ed values for the 300 nM NEO group and
the control group (PB0.05).

Fig. 2B is a plot of the calculated extracellular ACh
value vs. the perfused NEO concentration. The ACh
concentrations are from the data in Fig. 1. A linear
relationship is observed (r=0.99). The weighted regres-
sion (1/ S.E.M.2) results in a y-intercept (ACh concen-
tration with no NEO perfused) of 16.796.8 nM ACh
and a slope of 1.690.1 nM ACh/nM NEO.

Table 1
Extracellular choline concentration (mean9S.E.M.) and the corre-
sponding choline Ed (mean9S.E.M.) for 0, 1, and 10 mM HC-3
perfused through the probe

HC-3 concentration Ed (mean9Chext

S.E.M., %)(mean9S.E.M.,(mM)
mM)

38.193.95.290.90
43.094.59.091.21

10 13.592.1 44.395.5

The probe length is 4 mm and is perfused at 0.6 m l/min. No
significant difference exists for the Ed
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dose-dependent increase in the extracellular concentra-
tion of ACh in response to NEO and choline in re-
sponse to HC-3 was found. Inhibition of AChE by 300
nM NEO resulted in a significant decrease in the Ed of
ACh. In contrast, the Ed of choline was not affected by
inhibiting the high-affinity uptake of choline. In addi-
tion, the control Ed of choline was significantly lower
than the control Ed of ACh.

Figs. 1 and 2B clearly show the substantial effect of
AChE inhibition on ACh levels. The basal ACh con-
centration was estimated by two different approaches.
The concentration estimated by the quantitative
method in Fig. 1 was 18.4911.8 nM. Extrapolation
back to 0 nM NEO on a plot of ACh concentration vs.
concentration of NEO perfused (Fig. 2B) was 16.79
6.8 nM, which agrees well with the first estimate.

The increase in ACh levels that is caused by the
perfusion of an AChE inhibitor has been shown to
affect experimental results that measure the response of
ACh to different agents such as muscarinic receptor
agonists and antagonists. de Boer et al. (1990) demon-
strated that ACh levels measured in dialysate decreased
in response to the muscarinic agonist oxotremorine
when no AChE inhibitor was added to the perfusate yet
were not affected by the agonist in the presence of 100
nM NEO in the perfusate. In the same study, ACh
levels were not affected by the muscarinic antagonist
atropine with no NEO in the perfusate, yet the ACh
levels increased in response to atropine perfusion when
100 nM NEO was co-perfused. Similar results were
found by Kawashima et al. (1991). Marshall and Wurt-
man (1993) showed that systemic choline administra-
tion increased ACh levels in the presence of low NEO
concentration (50 nM) yet failed to affect ACh levels in
the presence of high NEO concentration (10 mM).
Messamore et al. (1993) demonstrated a dual effect on
ACh levels when another AChE inhibitor, physostig-
mine, was both perfused through the probe and admin-
istered systemically. Depending on the combination of
concentration delivered locally and dose administered
systemically, ACh levels were further elevated or fell
below the baseline established during the local perfu-
sion of physostigmine. The results of these studies were
attributed to the differing degrees of autoreceptor stim-
ulation by ACh under normal conditions and those
employing AChE inhibition.

The concentration of NEO perfused through the
probe in this set of experiments ranged from 0 to 300
nM. The KD of NEO for AChE is in the range of 8–10
mM (for eel and rabbit brain AChE, Gray and Dawson,
1987). Therefore, even though a large increase in ACh
extracellular concentration was observed, AChE was
not completely inhibited. The plot of extracellular ACh
concentration vs. NEO concentration (Fig. 2B) also
indicates that AChE was not inhibited completely be-
cause the ACh concentration has not leveled off with

increasing NEO. The magnitude of the increase in ACh
concentration caused by NEO also demonstrates the
efficiency and capacity of AChE in keeping ACh levels
in the low nM range.

The inhibition of AChE is also detected in the result-
ing change in the Ed of ACh. Ed is influenced by factors
such as flow rate, probe membrane resistance, probe
length, and tissue resistance (Bungay et al., 1990).
During a microdialysis experiment all of the probe
characteristics and the flow rate typically remain con-
stant. Any change in Ed would be the result of a change
in the tissue resistance. The tissue resistance is affected
by the surface area of the probe, the extracellular
volume fraction, the diffusion coefficient of the sampled
transmitter, and the rate constants of concentration-de-
pendent processes such as metabolism and reuptake
(Bungay et al., 1990). The lower the tissue resistance to
a substance, the higher the Ed is for that substance.
This property is demonstrated in the higher Ed of ACh
in comparison to choline. This result shows that the
processes regulating choline levels possess combined
rate constants lower in magnitude than those, such as
AChE, involved in ACh regulation. When the main
clearance mechanism of a substance is sufficiently in-
hibited, the tissue resistance is increased and a decrease
in the Ed results, as shown with the ACh Ed during
perfusion of 300 nM NEO.

The inhibition of reuptake for DA, NE and 5HT has
resulted in a decrease in the Ed for each (Smith and
Justice, 1994; Olson Cosford et al., 1996). The degree
that the activity of a process affects Ed depends on the
rate of that process and its contribution to the overall
turnover of the substance in the extracellular space. The
greater the rate affects the turnover of a substance, the
greater its effect on the tissue resistance. If the clear-
ance of a substance is regulated by one major process,
then it is that process that, when altered, will affect Ed.
For the monoamine systems, uptake is the major clear-
ance mechanism and therefore influences Ed. The hy-
drolysis of ACh by AChE is a very efficient process
(kcat=1.6×104 s−1) (Rosenberry, 1975) and is the
principal clearance mechanism for ACh in the extracel-
lular space. Therefore, this process would be expected
to impact on the Ed of ACh. The results presented here
support this interpretation.

In contrast, the metabolites of neurotransmitters are
not substrates for rapid clearance mechanisms and con-
sequently have a slow turnover relative to their concen-
tration. Therefore, the Ed of a metabolite is expected to
be lower than the Ed of its precursor transmitter. This
property has been demonstrated for DA and DOPAC
(Parsons and Justice, 1992) and in this study for ACh
and choline. Although a significant change in the rate
of uptake for the monoamines results in a change in
their Ed, this is not the case for choline. Reuptake is
only one of several processes involved in the regulation
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of choline (Wurtman, 1992). Choline is also taken up
into nerve terminals by a low-affinity transport system
and is actively transported across the blood-brain bar-
rier. Sources of choline synthesis include ACh and
membrane phosphatidylcholine. Choline is metabolized
by acetylation to form ACh and phosphorylated to
form phosphocholine. The combination of these pro-
cesses results in a small contribution of high-affinity
uptake to the total turnover. Therefore the inhibition of
the high-affinity uptake system does not detectably
affect the choline Ed.

The analysis of extracellular concentration shows
that the increase over baseline in choline during HC-3
perfusion is far less than the increase over baseline seen
for ACh. The HC-3 concentrations perfused were 1 and
10 mM while the KD of HC-3 for the choline trans-
porter is less than 5 nM in rat striatal preparations
(Swann et al., 1986; Bekenstein and Wooten, 1989;
Pascual et al., 1991). The results of Table 1 indicate
that the increase in choline is not linear and is begin-
ning to plateau. In relation to choline’s Ed, this result
suggests that even a substantial inhibition of choline
uptake will not affect choline’s Ed.

5. Conclusion

The alteration of the main clearance mechanism of
the neurotransmitter ACh results in a substantial in-
crease in ACh concentration demonstrating that the
effects of increased ACh levels must be considered
when adding AChE inhibitors to the perfusate. The
addition of 300 nM NEO to the perfusate results in a
decrease in the microdialysis Ed of ACh. Inhibiting the
reuptake of choline, a metabolite of ACh, had no effect
on the Ed of choline. These results are consistent with
the Ed being affected by rapid and dominant clearance
mechanisms as described by the mathematical theory of
microdialysis of Bungay et al. (1990).
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