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In vitro microdialysis: a novel technique for stimulated
neurotransmitter release measurements
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A novel microdialysis technique suitable for parallel measurements of neurotransmitter release and single unit recordings from
brain slices is presented. The effects of 3.4-methylenedioxymethamphetamine (MDMA) on slices of dorsal raphe nucleus and frontal
cortex in a perfusion chamber for electrophysiological measures were studied. MDMA caused measurable release of serotonin which,
in the case of the dorsal raphe, was of similar duration as the period of reduced cell firing induced by MDMA. Tryptophan
potentiated the action of MDMA. Possible additional applications of this technique are discussed.

Introduction

A powerful approach to the study of neuronal
function and mechanisms of drug action is the
combined measure of electrophysiological activity
and biochemical indices of neuronal function
(R th. 1987). Especially useful would be the direct
mcasurement of neurotransmitter release concom-
itant with altered impulse flow. These combined
studies have been successfully performed in whole
animals using push-puil perfusion (Puizzillout et
al.. 1979) and in vivo voltammetry (Ewing et al..
1983; Kuhr et al. 1987), in combination with
single unit recording. The brain slice preparation
Is quite attractive for this type of study because of
b ability to control many more experimental
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variables than is possible in the whole animal (e.g.
the concentrations of various ions can be altered
and specific ion channel blockers can be added to
determine ionic mechanisms of drug action: also.
specific receptor agonists and antagonists can be
added to the perfusion fluid to identify receptors
mediating neurophysiological or pharmacological
effects). In the present report we describe a method
for making parallel electrophysiological and
stimulated neurotransmitter release measurements
from the surface of a brain slice.

The method we have developed is in vitro mi-
crodialysis, a modification of the well accepted
technique of in vivo microdialysis (Ungerstedt,
1984). It employs a unique microdialysis assembly
which can be lowered onto the surface of a brain
slice in a rapidly perfused gas-fluid interface re-
cording chamber. The collected dialysate is then
directly injected into the chromatograph. An alter-
native method. the collection of superfusate from
tissue chambers, is a classic technique (though it
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has not previously been coupled with electrophysi-
ological recordings of single unit activity). The
technique we have developed allows us to bypass
the necessity of extracting the very small amount
of neurotransmitter in the large volume a collected
superfusate would represent. As an application of
the methodology of in vitro microdialysis, experi-
mental results are presented illustrating 3.4-meth-
vlenedioxymethamphetamine (MDMA )-induced
5-HT release from brain slices (dorsal raphe and
cortex) in parallel with electrophysiological mea-
surements (dorsal raphe). The data obtained from
the dorsal raphe slice relate to release from the
dendritic fields. while that from the cortex reflects
release from axonal nerve terminal regions. Thus.
this technique could potentially be of use in ex-
ploring differences in the regulation of release
between these two regions. The electrophysiologi-
cal data were obtained from a separate slice main-
tained in the same slice chamber while being per-
fused with the same artificial cerebrospinal fluid
(ACSF). MDMA is an amphetamine analogue
shown previously to release 5-HT from tissue in
vitro (Nichols et al.. 1982). Additional areas in
which this technique could be of use are discussed.

Materials and methods

Brain slice preparation and electrophysiological re-
cording

Brain slices of dorsal raphe were obtained from
male Sprague-Dawley rats (125-175 g) which had
been anesthetized with chloral hydrate (400 mg/kg
i.p.) and perfused with an ice-cold sucrose-en-
riched ACSF as described previously (Sprouse et
al., 1989). The sucrose-enriched ACSF was of a
standard composition (in mM): KCl 5.0, CaCl,
2.0, MgSO, 2.0, NaHCO, 28. NaH,PO, 1.25, p-
glucose 10, except that NaCl, normally present at
126 mM, was replaced by a calculated equiosmo-
lar concentration of sucrose (252 mM). The sub-
stitution of sucrose for NaCl in the ACSF for the
preparatory and recovery phases of the expen-
ment improved viability (Aghajanian and Rasmus-
sen, 1989). Immediately following decapitation,
the brain was removed rapidly, placed in a petn

dish containing ice-cold sucrose-enriched ACSF
and trimmed to expose the posterior midbrain.
Coronal sections (500 pm) then were cut through
the dorsal raphe using a vibrating-knife micro-
tome (WPI. Vibroslice) and transferred to th:
stage of a gas-fluid interface brain slice chamber
(Haas et al.. 1979). where it was superfused at a
flow rate of 1-1.5 ml/min. One hour from the
time of decapitation, sucrose-enriched ACSF was
replaced by standard ACSF containing NaCl. An
additional period of 1 h was allowed prior to the
experiment. Before initiating the release studies
using dorsal raphe slices, 2.5 pM phenylephrin
was added 1o the ACSF (o induce the otherwisc
silent 5-HT neurons to fire (Vandermaelen and
Aghajanian. 1983). Extracellular single unit re-
cordings were performed using single barrel glass
micropipettes (lip diameter 1-2 micrometer. 2-4
M impedance at 60 Hz) filled with 2 M NaCl.
Viability of the slice was determined by probing
for active 5-HT neurons identified by their wide-
duration action potentials (1-2 ms, positive—neg.-
tive spikes). regular rhythm and slow firing rate
(Vandermaelen and Aghajanian, 1983). Integrated
firing rate was computed in 10-s samples. Agents
were administered in the ACSF flowing over the
slice by means of a stopcock arrangement.

Microdialysis

Microdialysis probes used for the neurotrans-
mitter release studies were constructed using
Cuprophan (Enka, West Germany) hollow fibers
(300 pM i.d.. 330 pM o.d.) housed in a section of
23-gauge stainless steel tubing. The fiber extended
approximately 2.0-2.5 mm beyond the tip of the
tubing exposing an active surface of 1.5-2.0 mm.
An inlet section of 170 pm vitreous silica tubing
(Scientific Glass Engineering) extended to the tip
of the hollow fiber, while an outlet section was
housed in the 23-G steel tubing with the tip abovc
the other end of the dialysis fiber. The assembly
was sealed within the section of the 23-G tubing
using 5 min epoxy (Devco). Once the epoxy was
completely cured, a gentle 90° bend was made
near the tip of the assembly. The bend was made
in several small increments using a pair of flat
nose pliers in order to avoid a sharp right angle
which can break the vitreous silica tubing.
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brain slice. See Methods for details of assembly construction.

Perfusion buffer concentrations were (in mM):
KCl 24, NaCl 120, CaCl, 1.2, MgCl, 1.2,
NaH,PO, 0.9. Na,HPO, 1.4, ascorbic acid 0.3,
pH 7.4. These concentrations correspond closely
to the extracellular environment (Moghaddam and
Bunney, 1989). Buffer was pumped through the
assembly at a flow rate of 2.0 pl/min. The slice
chamber resided in a Kopf stereotaxic apparatus,
allowing the dialysis assembly to be lowered onto
the slice surface using an electrode holder. A
dissecting stereomicroscope was used to monitor
tire placement of the probe onto the slice. where it
gently touched the surface. A diagram of a dialysis
probe and representation of the experimental
arrangement of the dialysis probe and the per-
fused brain slice is presented in Fig. 1. Collection
periods were at 10-min intervals. The average
“percentage recovery” (Ungerstedt, 1984) for
5-HT obtained with these probes in a static solu-
tion was 9.7+ 0.7% (SEM) when perfused at 2.0
i/ min.

5-HT determination
5-HT in the dialysis perfusates was determined
using reverse phase liquid chromatography with
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electrochemical detection. A laboratory designed
and constructed pneumatic displacement fluid
pump (Bradberry and Roth, in preparation) was
used as a mobile phase pump. A battery powered
potentiostat was used to apply a potential (+0.6
V versus Ag/AgCl reference) and convert the
resulting current to a voltage for output to a
stripchart recorder. Commercially available (Bio-
analytical Systems) amperometric glassy carbon
detector electrodes were used in conjunction with
thin plastic spacers for maximum sensitivity (Mef-
ford, 1987).

HPLC columns (10 ¢cm X 2.1 mm i.d.) were
packed in the laboratory with 3 micron C-18
material (Shandon). Mobile phase used for the
experiments described herein was 0.05 M dibasic
sodium phosphate, 350 mg/]l sodium octane-
sulfonate, 0.1 mM disodium EDTA. 300 upl/I tri-
ethylamine, and 150 ml/] methanol (pH 5.6). The
routine limit of detection for 5-HT obtained with
this system was 2 fmol injected.

Results

Fig. 2 illustrates the effect of a 3 min exposure
of 100 micromolar MDMA on the firing rate of a
5-HT dorsal raphe neuron. As can be seen. a long

MDMA
100uM

i

10 sec

SPIKES

T80 90
TIME (min)
Fig. 2. Effects of 100 M MDMA on the firing rate of a single
dorsal raphe neuron. Application was for 3 min beginning at
r=0. By 100 min, firing rate had recovered to approx. 75%
basal rate. Intervening sections not shown contained no signifi-
cant activity. Highest level on firing rate histogram represents
11 spikes /10 s.
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Fig. 3. Typical results from in vitro microdialysis release ex-
periments. A: 5-HT release measurements from a slice of
dorsal raphe. 100 uM MDMA was applied for 3 min starting
at 1 = 20 min. B: the dorsal raphe slice in this experiment was
treated with 500 pM Trp starting at =20 min through
remainder of experiment. A 3 min application of 100 puM
MDMA was given at =60 min. C: 5-HT release from a
cortical shice exposed to Trp and MDMA as in panel B,

lasting period of complete inhibition results, with
a gradual recovery to approximately 75% of basal
firing rate at 100 min.

The parallel experiment (performed on a sep-
arate slice in the same chamber) in which a 3 min
exposure of 100 uM MDMA is applied to a slice
and endogenous 5-HT release is measured is pre-
sented in Fig. 3A. As can be seen, basal levels of
5-HT are below the limit of detection (<2 fmol).
MDMA application results in a long-lasting period
of release of endogenous 5-HT. Superfusate col-
lected during the period of maximal release for
direct injection into the chromatograph contained
levels below the limit of detection. This is due to
dilution by the large volume of rapidly flowing
superfusate. and illustrates the advantage of plac-
ing a probe directly on the surface of the brain
slice. Comparing Figs. 2 and 3A, there appears to
be a close temporal relationship between the period
of 5-HT release and 5-HT neuronal inhibition.

"Panel B of Fig. 3 illustrates an experiment in
which a dorsal raphe brain slice is first pretreated
with 500 uM tryptophan (Trp). the 5-HT pre-
cursor amino acid, prior to the 3 min application
of 100 pM MDMA. The time of application of
Trp is from =20 min on. In this case, Trp
pretreatment raises basal 5-HT release to mea-
surable levels. The MDMA-induced release from
this Trp-pretreated slice is substantially increased
compared to a slice not pretreated with Trp.

Panel C of Fig. 3 shows similar results from a
slice of frontal cortex. a region containing termi-
nal fields rather than cell bodies. The addition of
Trp and MDMA are the same as in panel B.

Discussion

The results of the present studv illustrate the
applicability of in vitro microdialysis for making
measurements of drug-induced release of endoge-
nous 5-HT from both dorsal raphe and cortical
brain slice preparations. MDMA has been show:
previously to release labeled 5-HT from svnapto-
somes (Nichols et al., 1982). and ‘brain slices
containing 5-HT terminal fields (Schmidt et al.,
1987). We have used our technique to temporally
relate MDMA-induced release of 5-HT from slices
of rat dorsal raphe with alterations in dorsal raphe
5-HT neuronal firing (Sprouse et al., 1989). The
effect of Trp in the perfusion media to increase
basal and MDMA-induced 5-HT release corre-
lates with electrophysiological measurements dem-
onstrating that Trp inhibits dorsal raphe firing
and increases the potency of MDMA at inhibiting
5-HT neuronal firing (Sprouse et al.. 1990). This
parallel use of biochemical and electrophysiologi-
cal techniques has allowed us to demonstrate a
mechanism of action of MDMA inhibition of
5-HT neuronal firing whereby 5-HT neurons are
inhibited by MDMA-released 5-HT acting at
somatodendritic impulse regulating autoreceptors
(Sprouse et al.. 1989).

A possible alternative to placing a microdialysis
assembly on the brain slice for measuring neuro-
transmitter release is to collect the superfusate for
analysis. As indicated in Results, the concentra-
tion of 5-HT in the superfusate is much less than
in the microdialysis perfusate. which would neces-
sitate an extraction for subsequent 5-HT de-
termination. Placing the microdialysis assembly
directly onto the surface of the brain slice avoids
this extra step.

Microvoltammetric methods have also been
used for studying stimulated release of neurotrans-
mitter release from brain slices (Kelly and Wight-
man, 1987; Bull et al., 1990). In these studies
electrical stimulation in the presence of reuptake
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inhibitors elevated dopamine in striatal slices to
measureable levels. Voltammetric methods are
complimentary to microdialysis methods in that
they offer increased time resolution. but are un-
able to match the slower microdialysis methods in
sensitivity, which can detect basal concentrations
as low as 1 nmol. In our case, a typical concentra-
ton limit of detection for dialysate injected into a
chromatograph is 0.1 nmol, and our microdialysis
probes, average roughly 10% recoveries.

The use of a dialysis probe on the surface of a

brain slice offers additional advantages not
specifically illustrated in this study. One intriguing
possibility 1s the idea of selectively measuring re-
lease from different areas of a brain slice simulta-
neously. This would allow a distinction between
release from different neuronal regions such as the
cell body/dendritic region and nerve terminal re-
gions. Also, this technique would be ideal for
measuring release from a static (non-perfused)
brain slice chamber, as is sometimes used for
electrophysiological studies. In that preparation,
removing samples without disturbing the record-
ing eclectrode is not possible. A dialysis probe
placed next to a recording clectrode would pro-
ide a means of removing samples for analysis
without disturbing the electrode. Additionally. di-
alysis probes can be used to administer drugs as
well as collect samples (Ungerstedt 1984; Quan
and Blatteis, 1989). Thus. a probe could serve as a
means of delivering a test compound to the slice
using a minimal volume of drug solution if the
compound is expensive or 1s difficult to ¢ject from
¢ micropipet electrophoretically.

In summary. we have developed a novel method
of measuring neurotransmitter release from the
surface of a brain slice in an electrophysiological
recording chamber. allowing correlative studies of
the effects of compounds on neurotransmitter re-
lease and neuronal firing.
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