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Abstract

A method for high temporal resolution monitoring of five neurotransmitters, dopamine (DA), noradrenaline (NA), gamma-aminobutyric
acid (GABA), glutamate (Glu)r-aspartate (L-Asp), in freely-moving rats using microdialysis and capillary electrophoresis with laser-
induced fluorescence detection (CE-LIFD) was developed. An on-line device, including microdialysis and derivatization with naphthalene-
2,3-dicarboxaldehyde, mixes the dialysate with derivatization reagents directly in the collection tube, i.e. with no reactor. Thereater, collec
derivatized samples are analyzed off-line with an automated CE system coupled to a LIFD using a 442 nm excitation. The sampling time
was limited by the minimal volume required for the analysis by the automated CE system used: neurotransmitters could be determined in
667 nl dialysates (940 nl after derivatization), i.e. in samples collected every 20 s with a flow ratid/mir2 The detection limits at the
dialysis probe were 3 10°° 1 x 10°°, 1.9 x 1078, 4.2 x 1077, 2.1 x 10" mol/l for DA, NA, GABA, Glu and L-Asp, respectively.

The protocol was validated using in vitro/in vivo tests and the performances—repeatability, linearity, characteristics of the probes—were
determined.

Finally, the high temporal resolution allowed the simultaneous monitoring of these neurotransmitters in rats with genetic absence epilepsy
and revealed, for the first time, increases in GABA concentrations concomitantly with the seizures, detected when our new microdialysis
method was combined to electroencephalographic recordings.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction thus, limiting the use of biosensors when one wants to study
interactions between several neurotransmitters. In contrast,
Studying rapid neurochemical events requires techniquesmicrodialysis allows the simultaneous monitoring of sev-
enabling measurements with a sub-minute time scale. So fareral molecules since it is coupled to a separation-based an-
biosensors or in vivo electrochemistry have been used toalytical technique. However, microdialysis has been previ-
monitor such rapid changes in extracellular levels of neu- ously limited in many cases by its poor temporal resolution
rotransmitters (for reviewkehr, 1999. However, with such ~ when combined with the conventional high performance lig-
a method, only one compound can be monitored at once,uid chromatography which requires relatively large volumes
of samples and therefore a 10-30 min sampling duration. In
* Corresponding author. Tel.: +33 478 777 558; fax: +33 478 777 209. Order to analyze sub-microliter dialysates obtained with a
E-mail addressdenoroy@sante.univ-lyond.fr (L. Denoroy). sub-minute sampling, our group and others have successfully
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used capillary electrophoresis coupled to laser-inducedfrom a strain with genetic absence epilepsy (Genetic Ab-
fluorescence detection (CE-LIFD) which allows to detect sence Epilepsy Rats from Strasbourg or GAERS). These rats
attomoles of neurotransmitters in low volume samples (seedisplay spontaneous, recurrent generalized non-convulsive
reviews Parrotetal., 2003a; Kennedy et al., 2D@r exam- seizures which are characterized by spike-and-wave dis-
ple, such an approach led to determine glutamate (Glu) andcharges (SWD) measured on the electroencephalographic
aspartate (Asp) in microdialysates collected every 1 s—1 minrecording (EEG) and lasting from 20s to 1min. These
or to monitor catecholamines every 10s—1 min. However, seizures occur about every minute when the animals are
some limits in these previous works can be pointed out. First, in a state of quiet wakefulnes®#énober et al., 1998 In
most works dealing with high time resolution microdialy- this model, several hypotheses concerning the possible vari-
sis coupled to CE were carried out on anesthetized rats (e.gations of neurotransmitters in the thalamic relay nuclei, a
Lada et al., 1998; Bert et al., 2005ince many anesthet-  critical structure in the generation of absence seizures, are
ics affect extracellular levels of neurotransmitters by impair- still to be determined because of a lack of sensitive methods
ing the neuronal excitabilityRozza et al., 2000; Pan and to detect changes of extracellular levels of neurotransmitters
Lai, 1999, the use of awake animals seems to be better within less than 60 si¥anober et al., 1998In addition, this
from a neurobiological point of view, especially when study- model offers the possibility to observe spontaneous seizures
ing physiologically-related (e.g. states of vigilance, epileptic for which onsets and ends can be easily determined on the
seizures) or behavior-induced release of neurotransmittersEEG. In addition, no overt behavioral changes occur during
(e.g.Silva et al., 200L Another criticism is that previous the seizures, thus allowing reliable collection of dialysates.
studies were mainly focused on Glu (eRgrez et al., 2000;  Using this model, a coupling of 20 s sampling microdialysis
Rossell etal., 2003r excitatory amino acids (e.gadaetal., with EEG recordings was performed to determine the possi-
1998; Parrot et al., 2003land only one work reported data ble associations between variations in neurotransmitter levels
dealing with interactions between two classes of neurotrans-and the occurrence of seizures.
mitters Bert et al., 200 Third, the groups which have intro- This new method will allow to monitor extracellular con-
duced high temporal resolution for microdialysis monitoring centrations of several neurotransmitters in awake rats using
using CE-LIFD analysis (see revidarrot et al., 2003aised high sampling rate microdialysis. It represents a new tool
no commercially available CE systems, but rather prototypes, for studying, under physiological conditions, short-lasting
“home-made” devices (e.¢tada et al., 1997; Robert et al., changes in neurotransmitter concentrations and/or interac-
1999. In that case, the protocols cannot be easily set-up in tions between neurotransmitters.
neuroscience laboratories without the help of a specialized
workshop for making the on-line CE system.

In order to overcome the three disadvantages mentioned2. Materials and methods
above, the present work was aimed to perform high tempo-
ral resolution microdialysis on awake rats for the simulta- 2.1. Microdialysis/derivatization probes
neous monitoring of five neurotransmitters, dopamine (DA),
noradrenaline (NA)y-aminobutyric acid (GABA), Glu and In all experiments, concentric microdialysis probes were
aspartate (Asp) using two successive analyses performectonstructed in our laboratory from regenerated cellulose
on a commercially available CE instrument. As neurotrans- dialysis tubing (Spectra/Por hollow fiber; molecular weight
mitters are not fluorescent at available laser wavelengths,cut-off 6000 Da, 22%m o.d., length: 2 or 3mm, Spec-
the system has to include an on-line derivatization of sam- trum Medical Industries, Los Angeles, CA, USA) and fused-
ples with naphthalene-2,3-dicarboxaldehyde, which reactssilica capillary tubings (38 cm long, 40mi.d., 105um o.d.,
quickly with the primary amine moiety of neurotransmitters Polymicro Technology, Phoenix, AZ, USA). In most experi-
(Zhou et al., 199b Besides, the new system must have a min- ments, the body of the probe consisted in a 26-G stainless steel
imal dead volume in order to limit diffusion of the solutes in tubing; in experiments using awake rats, it was glued on a flat
microdialysis tubings. The first step of the work was to design probe holder (Harvard, USA) adaptable to a CMA 12 canula-
a new device for simultaneous microdialysis/derivatization guide (CMA, Stockholm, Sweden). An on-line derivatiza-
compatible with frequent collection in freely-moving rats. tion system at the outlet of the probe, which was different
The second step was to test the ability to analyze off-line from those previously describe®d@bert et al., 1996; Bert
derivatized microdialysates collected with high frequency et al., 2002, has been optimized in order to mimimize
and exhibiting low volumes, using a commercially available the outlet dead volume. In the new system, the derivatiza-
CE system. The performances, i.e. linearity, repeatability, de- tion reaction takes place in the collecting vial: the capillary
tection limits, of the entire system, e.g. fromthe dialysis tothe tubing at the outlet of the probe was glued lengthwise to
analysis steps, were determined through the measurements ainother capillary (7pm i.d., 150um o0.d.) bringing a mix-
two classes of neurotransmitters, catecholamines and amindure of derivatization reagents directly into the collection
acids, within the same sample. tube (seeFig. 1). The latter capillary was introduced and

Finally, this new technique was used in vivo to monitor ex- fixed with glue in a polyethylene tubing (3@0n i.d., length
tracellular concentrations of neurotransmitters in awake rats2.5 cm). On the other side of the polyethylene tubing, three
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Derivatization reagents ) o temperature was maintained close to 3C5using a heated
Collection of derivatized
o dialysates underblanket (Harvard Instruments, USA).
n===——\
Pump [ g / _ 2.2.1. Experiments using anesthetized rats
ol——TH sk & ohsiin Male Sprague-Dawley rats (350-400g, Harlan, France)
0 aCSF were anesthetized with urethane (1.4 mg/kg i.p.). The skull

8 internal standard
© CN-/borate buffer ]
O NDA

(10:1:2:1vvevev)

was exposed and, after drilling one appropriate hole, a 3mm
dialysis probe was implanted in the right striatum at the fol-

lowing coordinates relative to bregma: anterior 0 mm, lateral
3.5mm, ventral 6.5 mm below the brain surface according
to the atlas oPaxinos and Watson (1998)he collection of

six 20 s basal samples was initiated 3 h after the probe im-
plantation. After the sixth sample was collected, drug appli-

cation was begun. Fixed volumes of drugs diluted in aCSF,
167 and 83 nl, were administered by applying air-pressure
with a 10 ml syringe over 20 and 10 s, respectively, to an in-

Fig. 1. Schematic representation of the set-up for microdialysis/on-line ;. ... : : : : : :
derivatization for an awake rat. The outlet capillary of the microdialysis Jection micropipette (glass tmeg with an internal diameter

probe was glued lengthwise to a capillary bringing derivatization reagents of 0.3mm pulled and broken back to an external diameter
directly in the collection tube, i.e. with no dead volume reactor. In that case, Of 50m). The injection micropipette was attached to the
the dead volume was only due to the tubing between the probe and collectionexternal surface of the microdialysis probe and placed later-
tube. In experiments using anesthetized rats, no swivel was used. a||y at 150um and vertically at2mm up from the tip of the
microdialysis membrane. Such a procedure prevented hydro-
o ) ) dynamic disturbances which are created when drugs are ap-
capillaries (7qum i.d., 150um o.d.) corresponding to the  pjied by reverse dialysisert et al., 2002 Stock solutions of
three reagents were introduced and fixed with glue. The 40 mmol/l PDC (from Tocris, UK) and 10 mmol/l nipecotic
derivatization reagents were delivered with the same syringeaciq (from Sigma) were prepared in aCSF and stocked at

pump as the artificial cerebrospinal fluid (aCSF) (Harvard _40°c. Final solutions of 10 mM PDC and 1 mM nipecotic
Model PHD 2000 Infuse), since this pump can give access to 5¢id were diluted in aCSF.

different flow rates depending of the diameter of the syringe

when equipped with a multiple-syringe holder. The aCSF 5 5 5 Experiments on awake rats

was perfused at@l/min using a 50Q.l syringe. Internal stan- Male Wistar rats (350—400 g) from the Genetic Absence
dard (IS) solution [0.1 mM cysteic acid (Cys) in 0.117 M per- - Epjlepsy Rats from Strasbourg strain were used. These
chloric acid], and naphthalene-2,3-dicarboxaldehyde (NDA) rats display recurrent generalized non-convulsive absence
solution (2.925mM in acetonitrile/water, 50:50, v/v) Were  sejzyres characterized by bilateral and synchronous SWD
perfused at 0.@4l/min using 50ul syringes. Borate/sodium 4 the EEG, concomitant with a behavioral arr&arober
cyanide (NaCN) solution [mixing solution (100:20, viv) of = gt 4|, 1998, They were anesthetized with chloral hydrate
500 mmol/l borate buffer pH 8.7, and 87 mmol/l NaCN in (400 mg/kg i.p.). The skull was exposed and, after drilling

water] was perfused at Op4/min using a 10Qul syringe. appropriate holes, a guide-canula was implanted in the
~ After being flushed with water, the probes were con- |eft |ateral thalamus at the following coordinates: anterior
tinuously perfused at gl/min (500ul syringe) with aCSF 3 5mm, Jateral 2.0 mm, ventral 6 mm below the skull sur-

(145.0mM NaCl, 2.70mM KClI, 1.0mM Mg@| 1.20mM face, with bregma as the referendeakinos and Watson,
CaCh, 0.45mM NahPQy, 2.33mM NaHPQy, pH 7.4). In 1998. The rats were equipped with three or four monopo-

vitro recovery of 3mm membrane probes at room temper- |r stainless-steel cortical electrodes connected to a female

ature was estimated to be 4430.4%, 4.0+ 0.7%, 6.7+ micro-connector. The guide-canula and electrodes were se-
0.3%, 6.9+ 0.3% and 8.4+ 0.4% (meant S.E.M.,n = 10) cured with acrylic cement. Post-operative care consisted in
for DA, NA, GABA, Glu and Asp, respectively. applying Soframycin® (Roussel Diamant, France) under the

skin and sulfanilamide (Sigma, France) on the wound mar-
2.2. Surgical procedures and microdialysis experiments gin. After surgery, rats were housed in individual cages with
food and water ad libitum. The microdialysis experiment was

Rats were housed up to four per cage in a constant temperperformed 10 days after guide-canula/electrode implantation.
atureroom (2% 1°C)and maintained ona 12:12 hlight/dark  After verification of the EEG signal, the 2 mm dialysis probes

cycle (lights on at 06.00a.m.), with food and water ad libi- were implanted into the guide-canulae and the animals were
tum. The care and use of laboratory animals were in accor- placed in the experiment chamber, the inlet of the probe be-
dance with the European Community Council Directive of ing connected to a liquid swivel (Harvard, mouse model,
November 24, 1986 (86/609/EEC). Rats were anesthetizedUSA) in order to allow free movements to the animals (see
and placed in a stereotaxic frame (David Kopf, USA). Body Fig. 1). The collection of 20 s samples was initiated 3 h after
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microdialysis probe insertion. The EEG connector was 3. Results

plugged in before the beginning of microdialysis collection.

Microdialysates were stored at20°C until analysis. Fol- The first part of this study was designed to develop and
lowing collection, the dye methylene blue 1% was perfused validate a new system of high sampling rate microdialysis,
through the dialysis probe and rats were immediately sacri- derivatization of sub-microliter microdialysates and subse-
ficed in order to verify the placement of the probe. Rats were quent off-line analysis of derivatized samples using a com-
discarded when any fraction of the active part of the probe mercially available CE-LIFD instrument. In the second patrt,

was located outside the brain area of interest. the defined protocol was applied to study the variations of the
extracellular concentrations of five major neurotransmitters
2.3. Analytical procedure during epileptic seizures in awake rats.

After collection, derivatized samples were analyzed for 3.1. Performances of the
catecholamine and/or amino acid contents using an auto-microdialysis/derivatization/analysis system
matic capillary zone electrophoresis P/ABEMDQ system )
(Beckman, USA) equipped with a ZETALIF laser-induced 3-1.1. Invitro tests
fluorescence detector (Picometrics, France). The excitation3.1.1.1. Minimal sample volume, repeatability and linearity.
was performed by a He—Cd laser (Liconix, USA) at a wave- As the collected microdialysates have to be analyzed with a
length of 442 nm. Emission wavelength was 490 nm. Sep- commercial, automatic CE system, the minimal sample vol-
arations were carried out in fused-silica capillaries {50 ume required for the CE analysis had to be determined. In-
i.d., 375pmo0.d., Composite Metal Services, Worcester, Eng- deed, sample injections are currently made at one side of the
land). Capillary flushing and hydrodynamic injections were capillary by applying a pressure. The volume of the sample
performed by applying pressure at the capillary inlet. Each must be sufficient to (i) allow the capillary end to plunge into
day, before analyses were begun, the analysis capillary wast, preventing the injection of air microbubbles with sample,
sequentially flushed for 15min with 1% NaOH, then for and (ii) to avoid any significant loss by evaporation when a
15min with purified water, and finally for 5min with the series of dialysates (i.e. at least 30 samples) is placed in the
appropriate running buffer. Two separation procedures were CE sample rack before being injected.
successively used: (i) first, the catecholamine contentwas an-  In afirstseries of experiments, when the flow rate foraCSF
alyzed using a procedure adapted frBart et al. (1996)i.e. was fixed at Jul/min—rate classically used in microdialysis
a 51 cm long capillary, having an effective length of 38.5cm, experiments—20 s derivatized samples (470 nl volumes) can
with 110 mmol/I phosphate buffer pH 7.65 0.02, applied be collected and analyzed. However, it appeared that a batch
voltage of 25 kV, hydrodynamic injection (2 psi, 20 s) of the of more than 10 samples could not be successively analyzed
sample followed by the injection of 0.2 mol/l orthophospho- with sufficient repeatability, probably due to evaporation loss
ric acid (1.5 psi, 10 s), temperature 3D, acquisition 60 Hz; inthe sample rack of the CE system (data not shown). Second,
the capillary was flushed 2 1 min with 1% NaOH, water  in order to use the automatic CE system for routine experi-
and running buffer between each analysis; (ii) subsequently, ments, the perfusion rate of aCSF was enhanceqtman.
amino acids including GABA, Glu and L-Asp were analyzed In this case, a derivatized 20 s sample corresponds to a 940 nl

(for details, se&auvinet et al., 2003 volume, which appeared to be the minimal volume required
for reliable, reproducible injections. Indeed, the % R.S.D.
2.4. Statistical analysis (n = 10) are to be around 10% for the five neurotransmit-

ters testedTable ). Besides, thirty 940 nl samples, stored

Regression equations were calculated by the least-squareat +4°C in the CE system, could be successively analyzed
linear regression method. Linear regression analysis was perfor amino acid contents with a sufficient repeatability and
formed to test the significance of linearity of the system. For without any intervention of the operatorgble J).
in vivo validation experiments, data are given as mean Thereafter, the entire system (probe-derivatization de-
S.E.M. expressed as a percent of the six values preceding therice and CE-LIFD) was validated in vitro, by dipping the
first drug administration. Comparisons between treated andprobe in different standard solutions and analyzing the sam-
control groups were achieved on % transformed data usingpled microdialysates. The regression coefficient of the cali-
MANOVA. For GAERS experiments, data are given as mean bration obtained with standard solutions showed a reliable
+ S.E.M. expressed as a percent of the values correspondiinearity of the system including sampling, derivatization
ing to intercritic periods. After having taken into accountthe and analysis {able 1. The detection limits at the dialy-
dead time of the collection system, only dialysates collected sis probes, i.e. the minimal concentrations of standard so-
entirely during a seizure or a interictal period were used in lutions which can be detected with our whole microdialy-
the analysis. Differences of concentrations between 20 s ictalsis/derivatization/analysis system, werg 3079, 1x10°9,
and interictal periods were tested using the Wilcoxon test. 1.9 x 1078, 4.2 x 1077, 2.1 x 10" mol/l for DA, NA,
The level of significance was set@k 0.05 for all compar- ~ GABA, Glu and L-Asp (signal-to-noise ratio = 2), respec-
isons. tively. As the analysis of low volume samples could be easily
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Table 1
Quantitative parameters for the monitoring of dopamine, noradrenaline, GABA, glutamataapdrtate in standard solutions using the microdialysis/derivation
system coupled to an off-line analysis with a commercial CE system

DA NA GABA Glu Asp

Repeatability (% R.S.D?)

n=10 11.9 12.0 9.7 9.8 9.9

n=30 15.1 17.0 10.9 7.6 9.3
Range (mol/ly 10%t0 1076 108t010°° 107t0o 1074
Linearity (r)° 0.9953 0.9927 0.9953 0.9996 0.9994
Detection limit (mol/If

At the probe8 3x10°° 1x10°° 1.9x 1078 4.2x 1077 2.1x 1077

CE systerh 2.5x 10710 0.6x 10710 09x 107°° 2.0x 1078 1.1x 1078

Samples were collected every 20s, i.e. corresponding to 940 nl after derivatization.

a Probe plunged in a standard solution wittx 3L.0~8 mol/l DA and NA, 5x 10~ 7 mol/l GABA, 5 x 10-8 mol/l Glu and L-Asp, collection at the outlet of
the microdialysis/derivatization system (10 or 30 samples) was begun 2 min after the plunge.

b Number of concentrations: 7.

¢ Probe plunged successively in standard solutions of various concentrations, collection was begun 2 min after each plunge.

d Extrapolations (signal-to-noise ratio: 2) based on calibration curves.

€ Minimal concentrations of standard solutions detected with the microdialysis/derivatization/CE system.

f Minimal concentrations detected in 940 nl standards by the CE system only.

performed off-line, stability of microdialysates during stor- to be minimized when a frequent collection was performed.
age, i.e. between collection and analysis, was tested. Sampletndeed, if the interval of time between dialysis and collection
could be kept at-20°C for at least 2—3 days (data not shown) was superior to the sampling time, solutes could diffuse more
if the seal of the collection tubes was guaranteed. After the between sample plugs. In our case, the length of the outlet tub-
opening of the tube for analysis, each sample had to be an-ing needed for our experimental animal chamber was 38 cm;
alyzed rapidly, i.e. during the same working day because of the calculated dead volume of the 38 cm loxglOpm i.d.
the risk of evaporation. outlet tubing was 0.4{4l and corresponded to a theoretical
delay of 14 s with a 2l/min flow rate. However, the dead
3.1.1.2. Characteristics of the probe systelficrodialysis time had to be determined experimentally in order to corre-
experiments on awake animals required long dialysis tub- late accurately the neurochemical results to the physiological
ings in order to let the animals move freely. However, the events forin vivo studies (behavior, electroencephalographic
dead volume of these tubings, i.e. between the active dialysisrecordings, etc...). Fig. 2shows an example of determina-
membrane and the outlet of the derivatization system, hadtion of the dead time corresponding to the dead volume of one
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Fig. 2. Determination of the time of response. Representation of the fitted curves corresponding to the increases in Glu and Asp concenteaficobefteath
plunged in a standard solution containing:8.0~6 mol/l Glu and Asp (black bar). Data are expressed as percent of the maximal respopsgcorresponds

to the half time between the beginning of the dialysis in Glu/Asp-concentrated solution and the reach of the maximal response. Samples wareerpllected
10s.
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Fig. 3. Amplitude of response. The probe was plunged four times in a standard solution containit@ $mol/l Glu, for 1, 5, 10 or 20 sr(= 2). Between
each dip, the probe membrane was placed in aCSF. Note that the response is detected on the sample following the plunge, the dead volume beiieg not taken i
account.

probe. Each probe was first dipped into an aCSF solution andamino acids. In this case, PDC, a Glu/Asp uptake inhibitor,
thereafter into a standard solution containing %0~ mol/l administered for 20 s, induced an enhancement of both Glu
Glu and Asp. Samples were collected every 10s, instead ofand Asp levelsKig. 4, A1, B1) whose maximum was reached
20 s (such small volume could be analyzed since the num-20 s after PDC application. Thereafter, the concentrations of
ber of samples was limited, s&ection 3.1.1.)1 The plot Gluand Asp returned to baseline. Anincrease in GABA levels
of the concentration of neurotransmitters in microdialysates also occurred as previously describ&dgovia et al., 1997
versus time was drawrF{g. 2) and the regression equation however, the profile of enhancement was different from those
allowed the calculation of the half-time of maximal signal, of excitatory amino acids, since the GABA levels reached a
which represents the half of our dead volume. The dead time plateau within the 40 first secondsig. 4, C1). Four minutes
varied from 18 to 23s (20.44% 1.0, meant S.E.M.,n = after this 20 s application, PDC was again applied but for 10 s.
5) between experiments and was always higher to the the-This induced a new, but smaller increase in both Glu and Asp
oretical one (for recall, 14 s). One can estimate that a 20 slevels, but unaltered the level of GABAIQ. 4, Al, B1, C1).
variation in concentrations can be detected on the following  Nipecotic acid, a GABA uptake blocker, administered for
microdialysate. That assumption was also verified in another 20 s, induced an increase in GABA levels which was maxi-
experience whose aim was to determined if short variations mum at +20 s and then returned to baselffig.(4, C2). This
in neurotransmitters around the probe membrane could bedrug failed to alter the concentrations of Glu and ASjg( 4,
detected using our new system. For this purpose, the probeA2, B2). Nipecotic acid was also administered a second time
was dipped for 1, 5, 10 or 20 s in a standard solution contain- for a 10 s period and still led to an increase in GABA levels
ing 5 x 10~®mol/l Glu (Fig. 3). The results showed that all  without change in the concentrations of Glu and ASig (4,
the variations could be measured. It appeared that the peak€2, A2, B2).
of increases were proportional to the duration of the dips (
0.9834). These data suggest that our dialysis system allows3.2. In vivo monitoring in awake spontaneously
to detect very short-lasting variations (1-5s). Moreover, no epileptic rats
diffusion phenomenon was observed as a 20 s variation was
seen in just one sample. In conclusion, our dialysis system In the study presented above, we showed that short
permits to monitor very short-lasting changes and the time pharmacologically-induced changes could be monitored. Af-
spent by the solutes for crossing the membrane was not a lim-terwards, we sought to demonstrate that our approach could
iting factor for monitoring accurately short-lasting events.  detect short-lasting neurochemical changes linked to patho-
physiological states. To this aim, we chose to evaluate the
3.1.2. Invivo tests variations of neurotransmitter levels associated with absence
Experiments on anesthetized rats were carried out in or- epilepsy seizures in GAERS strain. In this animal model, the
der to test the ability of the system to detect in vivo rapid epileptic episodes are characterized by SWD on the EEG,
variations in neurotransmitters with a high sampling rate mi- last from 20s to 1 min and occur every 1-3min. The con-
crodialysis. For this purpose, two drugs known to increase centrations of DA, NA, GABA, Glu and Asp, were mon-
the concentrations of neurotransmitters were administereditored every 20s while the occurrence (ictal periods) or
for short periods of time and their effects on neurotransmitter non-occurrence (interictal periods) of seizures were deter-
levels were monitoredtig. 4shows the results obtained with mined by EEG recordings in freely-moving GAERS. The
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Fig. 4. Invivo validation. Effect of injected nanovolumes of 10 mM PDC (left) or 1 mM nipecotic acid (right) through a micropipette on Glu (top),dele)(mi

and GABA (bottom) levels monitored in the striatum of anesthetized rats with a 20 s microdialysis sampling rate. Black symbols represent exgitriments
drug application and white symbols, those with aCSF ejection (control experiments). Drug volumes (167 and 83 nl) were delivered over a 20 amtj 10's perio
respectively (hatched bars). Data are expressed as percent£n&&nM.) of the six baseline values preceding drug or vehicle injection. Each plot represents
five experiments. Statistical analysis revealed significant differences between treated and control rats as soon as the drugs were applied GvBREORA, n
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Fig. 5. Analyses by CE-LIFD. Electropherograms of a microdialysate from thalamus of a freely-moving rats, first analyzed in catecholamines separati
conditions (left) and then in amino acid separation conditions (right). Concentrations of DA, NA, GABA, Glu and L-Asp in the microdialysate Wweré®]

4% 10710,18.9% 10°9,50.6x 10~% and 11.7x 10~° mol/l, respectively. Internal standard (IS) was 3,4-dihydroxybenzylamine for catecholamines and cysteic
acid for amino acids.
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Fig. 6. Variations in thalamic concentrations of NA, GABA, Glu and Asp when epileptic seizures occur in GAERS strain. White bars represent tfaioancent

of neurotransmitters in “seizure” samples expressed as percent m8dnM.,n = 4) of values for which no seizure is detected. Statistical analysis revealed
significant differences between “interictal” and “seizure” fracticfis<€ 0.05, Wilcoxon test). Scatter plots represent data from individual animals. The dead
volume of the dialysis system was determined for each experiment in order to analyze the fractions of interest.

thalamus, one of the brain area in which SWD are generatedrequired by the CE apparatus: we found that 940 nl corre-
(Danober et al., 1998was chosen in this study. An exam- sponded to the minimal volume required for the analysis of
ple of typical electropherograms obtained from a 20 s brain large series of samples with a good repeatability.
microdialysate from a freely-moving GAERS is shown in The second step was to test the performances of the
Fig. 5 They correspond to the analysis of five neurotransmit- coupling of our CE-LIFD instrument to a hew microdialy-
ters, DA, NA, GABA, Glu and L-Asp present in the lateral sis/derivatization device which allows collection and deriva-
nuclei of the thalamus. DA concentration was under the limit tization of sub-microliter dialysates. With such a device,
of quantification in most microdialysates, so that seizure- the 940 nl minimal volume for CE-analysis corresponds to
associated changes in DA could not be investigated. derivatized samples collected every 20 s, the probe being per-
Fig. 6 presents the neurochemical data obtained in four fused at a 2ul/min flow rate. Under these conditions, criteria
rats. The levels of GABA during the seizures (ictal period) in- of linearity and repeatability are fully satisfied. The limits of
creased by +107% as compared to interictal levgds(®.05, detection for Glu and Asp at the probes are similar to those
Wilcoxon test). Concentrations of NA, Glu and Asp were not obtained byLada et al. (1997)n order to monitor accurately
significantly changed. Histological analysis revealed that all short-lasting variations in neurotransmitters in freely moving
four probes were located in the posterior and ventral postero-rats, the dead volume of the device, i.e. the volume of tubings
medial nuclei of the thalamus. between the site of dialysis and the outlet where the collec-
tion occurs, had to be minimized. Classical dialysis set-ups
for freely-moving animals have a liquid swivel which leads
4. Discussion to high dead volume. We suppressed the swivel at the outlet
of the probe (while keeping it at the inlet side) and we further
This paper describes, for the first time, a method which minimized the dead volume by using a single capillary for
allows to monitor short-lasting variations in the extracellu- the outlet of the probe system. However, as this dead volume
lar concentrations of five neurotransmitters in awake, freely- cannot be negligible, it must be determined with precision in
moving animals using microdialysis and CE-LIFD analysis. order to know the delay between any change in neurotrans-
Until now, the very few groups which have been success- mitter around the membrane probe and the response obtained
ful in performing high temporal resolution monitoring used atthe outlet. The time lag (18—23 s) corresponding to the dead
mainly home-made CE systems. Our first consideration wasvolume was in the same magnitude as the sampling rate (20 s).
to use a commercially available, automatic CE-LIFD sys- As aconsequence, a variation occurring during the collection
tem for analysing very low volumes obtained through high of one sample can be detected in the fraction collected in the
temporal microdialysis sampling. To our knowledge, volume following sample (se&ig. 3).
dialysates analyzed so far using a commercial, automatic CE  This approach which has been developed and fully val-
system were not less thanb(seeQu et al., 2001; Zhang et  idated should represent an efficient tool for the monitoring
al., 200). The limiting factor in our protocol was the volume  of short-lasting changes in the extracellular concentrations
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of neurotransmitters in physiological studies. This is shown Bert L, Robert F, Denoroy L, Stoppini L, Renaud B. Enhanced tem-
in the experiment on epileptic rats, exhibiting short-lasting poral resolution for the microdialysis monitoring of catecholamines
seizures (20 s—1 min). The present work shows that, in and excitatory amino acids using capillary electrophoresis with laser-
GAERS strain. a signifi ti in GABA | Is in th induced fluorescence detection. Analytical developments and in vitro
o gnimecant increase in . eYe Sinthe validations. J Chromatogr A 1996;755:99-111.
relay nuclei of the thalamus was associated with absencecyynelii v, Leresche N. Childhood absence epilepsy: genes, channels,
seizures. This is in agreement with previous electrophysi-  neurons and networks. Nat Rev Neurosci 2002;3:371-82.
ological and pharmacological studies suggesting that an in- Danober L, Deransart C, Depaulis A, Vergnes M, Marescaux C. Patho-
crease in GABA neurotransmission in the thalamic relay nu- physiolqgical mechanisms of genetic absence epilepsy in the rat. Prog
lei ticipate in the triggering of absence seizures b Neurobiol 1998;55:27-57. . . .
clel may participa 99 9 . yKehr J. Monitoring chemistry of brain microenvironment: biosensors,
lowering the membrane potential of thalamocortical neurons  microdialysis and related techniques. In: Windhorst U, Johansson
and thus allowing the occurrence of rhythmic bursts of ac-  H, editors. Modern techniques in neuroscience research. Heidelberg:
tion potentials (see reviewdanober etal., 1998; McCormick Springer-Verlag; 1999. p. 1149-98 (Chapter 41). _
and Contreras, 2001; Crunelli and Leresche, 2008is hy- Kennedy RT, Watson CJ, Haskins WE, Powell DH, Strecker RE. In vivo
hesi Id be add d | ith a hiah t | _ neurochemical monitoring by microdialysis and capillary separations.
pot _eS|s_cou_ e a ( ressed only with a nig empora res Curr Opin Chem Biol 2002:6:659—65.
olution dialysis technique, because of the short duration of | aga Mw, Vickroy TW, Kennedy RT. High temporal resolution moni-
these seizures. Our results will have to be confirmed with an  toring of glutamate and aspartate in vivo using microdialysis on-line
increased number of animals, and the specificity ofthe struc-  with capillary electrophoresis with laser-induced fluorescence detec-
ture will need to be verified by comparing these data with _ fion: Anal Chem 1997,69:4560-5.

those obtained in adiacent nuclei (e intralaminar nuclei of Lada MW, Vickroy TW, Kennedy RT. Evidence for neuronal origin and
! ' J uclei (e.g. 1 ! uciel metabotropic receptor-mediated regulation of extracellular glutamate

the thalamus). and aspartate in rat striatum in vivo following electrical stimulation
In conclusion, we have developed and validated a tech-  of the prefrontal cortex. J Neurochem 1998;70:617-25.

nique for the monitoring of the extracellular concentrations McCormick DA, Contreras D. On the cellular and network bases of

of five neurotransmitters in freely moving animals. We have __€Pileptic seizures. Annu Rev Physiol 2001,63:815-46.

shown that the analvsis of low volume microdialvsates can Pan WH, Lai YJ. Anesthetics decreased the microdialysis extraction frac-
y Y tion of norepinephrine but not dopamine in the medial prefrontal cor-

be performed off-line using a commercially available CE- tex. Synapse 1995:21:85-92.

LIFD system. Consequently, this technique can be set-up inParrot S, Bert L, Mouly-Badina L, Sauvinet V, Colussi-Mas J, Lasb
neurosciences laboratories which have no access to a special- Sefas L, et al. Microdialysis monitoring of catecholamines and exci-
ized Workshop making custom-made analysis instruments tatory amino acids in the rat and mouse brain: recent developments

Furth d t f techni is to di based on capillary electrophoresis with laser-induced fluorescence
urthermore, one advantage or our technique IS 10 dISCOU-  jaiection_a mini-review. Cell Mol Neurobiol 2003a;23:793-804.

ple microdialysis sampling from the CE analysis. Indeed, the parrot s, Bert L, Renaud B, Denoroy L. Glutamate and aspartate do
off-line analysis can be useful if any breakdown of the CE- not exhibit the same changes in their extracellular concentrations in
LIFD system occurs; in this case, the sub-microliter micro- the rat striatum after NMDA local administration. J Neurosci Res
dialysates can be stored up to 3 days before to be analyzed. 2003b;71:445-54.

In contrast. if on-line analvsis is used. samples cannot alwa SPaxinos G, Watson C. The rat brain in stereotaxic coordinates. fourth ed.
! y ! p y Sydney: Academic Press; 1998.

be saved and data can be lost. Thus, off-line analysis offerspgre; 3, colasante C, Tucci S, Hamiez L, Rada P. Effects of feeding on
more flexibility for planning the experiments. extracellular levels of glutamate in the medial and lateral portion of
the globus pallidus of freely moving rats. Brain Res 2000;877:91-4.
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