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Abstract  
Brain slices are often used for measuring neurotransmitter modulations in brain tissue, 

and have proven to be very important for experimenting with perfusion of drugs under 

controlled conditions. With aid of a hydrogel glutamate microsensor, glutamatergic 

neurotransmission in the extracellular fluid of organotypic hippocampal slices was 

studied in this chapter. The slices were treated with various glutamatergic 

pharmacological compounds and results obtained in this study were compared with 

results obtained from a previous study with acute hippocampal slices. The slices showed 

to be intrinsically different, seeing that compound which modulated glutamate in acute 

hippocampal slices, had little or no effect in organotypic hippocampal slices. Acute slices 

showed to be superior in in vitro material and data obtained than organotypic slices when 

regarding the use of a hydrogel glutamate microsensor. 
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1. INTRODUCTION 

Glutamate the main excitatory neurotransmitter in the mammalian central nervous 

system is intimately linked to synaptic plasticity, neuronal development and 

degeneration. Therefore glutamate is involved in brain functions, such as memory and 

learning, development, ageing and adaptation to the environment (Thomazi et al. 2004). 

The glutamate concentration in the synaptic cleft act as an excitotoxin when its receptors 

are over-stimulated (Anderson and Swanson 2000;Danbolt 2001). Hence, glutamate 

concentrations are highly regulated to prevent neurotoxic actions. Glutamate toxicity has 

been related to neuronal death in epilepsy, ischemia, stroke and trauma and to many 

neurodegenerative disorders such as Huntington’s and Alzheimer’s disease (Segovia et 

al. 2001;Danbolt 2001).  

 

The relative inaccessibility of the CNS to prolonged and localized manipulation, as well 

as the necessity of having a simpler model has led researchers to explore in vitro as an 

alternative to in vivo approaches. For many years glutamate release in vitro was explored 

using acute brain slices combined with superfusion techniques. The main drawback in 

acute brain slice preparation is the trauma that is induced during the slice preparation. 

Organotypic slice cultures can be considered as an interesting means to have relative 

preserved neuronal circuitries and functional neuronal-glia interactions which represents 

more closely the in vivo situation. Organotypic hippocampal slice cultures are widely 

used as a model to examine neurobiological, pharmacological and functional aspects of 

the mature hippocampus, but they have not been adapted for microsensoring studies. 

Interestingly a few microsensor studies have been used to monitor L-glutamate levels in 

acute brain slices (Kasai et al. 2001;Kasai et al. 2002;Nakaijma et al. 2003;Nakamura et 

al. 2005;Oldenziel et al. 2007;Oka et al. 2007;Dulla et al. 2008), but none have been 

used in organotypic slices.  

 

In this study we prepared organotypic cultured hippocampal slices, which were treated 

with various pharmacological compounds in order to determine glutamate modulation in 

the extracellular fluid. With aid of a hydrogel glutamate microsensor, with high temporal 

(second-to-second) and spatial (±25 µm) resolution, glutamate changes were measured. 

Results obtained in this study are compared with results obtained from a previous study 

with acute hippocampal slices (Oldenziel et al. 2007). 
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2. MATERIALS AND METHODS 

2.1 Animals and organotypic hippocampal slice prepa ration 

Rat hippocampal slice cultures were prepared and grown according to the interface 

culture method on semiporous membranes, as originally presented by (Stoppini et al. 

1991;Noraberg et al. 1999). In brief, 7-day-old rats of Wistar strain (Harlan, Zeist, The 

Netherlands) were decapitated under sterile conditions. After isolation of the hippocampi, 

the two dorsal halves were cut in transverse sections of 300 um by a MCIlwain tissue 

chopper. The resulting slices were placed in chilled Gey’s balanced salt solution, (100 ml 

GBSS) with 1 ml 50% D-glucose (25 mM final concentration). The tissue slices were 

inspected, separated and excess tissue trimmed under a microscope, and six tissue 

slices were then randomly chosen and placed on porous (0.4 um), transparent insert 

membranes (30 mm in diameter) (Millipores, Bedford, MA, USA, Cat, No PICM 030 05). 

The inserts were subsequently transferred to culture trays with 6 wells (Corning Costar, 

Corning, NY, USA). In each well was 1 ml of serum containing medium, consisting of 

50% Optimem-medium (Gibco BRL Cat. No. 31985-047), 25% inactive horse serum 

(Gibco BRL Cat. No 26020-091), 25% Hanks Balanced Salt Solution (HBSS) 

supplemented with D-glucose and L-Glutamine to a final concentration of 25 mM and 1 

mM, respectively. The trays were kept in an incubator with 5% CO2 and 95% 

atmospheric air at 36°C. After 7 days of incubation , the culture medium was replaced 

with 1 ml of chemically defined, serum free Neurobasal medium (Gibco BRL, Cat. No. 

21103-049) supplemented with D-glucose (25 mM) 0,5% of 200 mM L-glutamine (1 mM 

final concentration) (Sigma, Vallenbaek strand, Denmark, Cat No 25030024) and  2% B-

27 supplement containing several hormones, fatty acids and free readical scavengers 

including glutathione, vitamin E and superoxide dismutase. (Gibco BRL, Cat. No. 17504-

101). For the next 3-4 weeks, the medium was changed twice a week. No antimitotic 

drugs or antibiotics were used at any stage. The cultures were regularly checked at low 

magnification by light and phase contrast microscopy to ensure that sufficient numbers of 

cultures with intact structures were available. The cultures were grown for 8 days before 

being used in experiments. The experiments were approved by the Animal Care 

Committee of the College of Mathematics and Natural Science of the University of 

Groningen. 

 

2.2 Microsensors recording in slices 

A single slice was transferred to a recording chamber (21052; Fine Science Tools, 

Heidelberg, Germany) where they were fully immersed in carbonated artificial 

cerebrospinal fluid (aCSF) of the following composition (in mM): NaCl, 124; KCl, 3,5; 

NaH2PO4, 1.25; MgSO4, 1.5; CaCl2, 2.0; NaHCO3, 2.5 and D-glucose, 10; pH 7.4 
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adjusted with sodium hydroxide. The aCSF was bubbled with 95% O2 -5% CO2 and 

flowing at 1.5 mL/min. (31-32°C). The microsensor r ecordings were performed by 

implanting both a glutamate and background microsensor in close proximity (<200 µm; 

V-shaped form) in the CA1 area of the organotypic hippocampal slice. The implantation 

procedure was visually controlled with a stereo microscope (Exacta-Optech, Diever, The 

Netherlands). The reference electrode (Ag/AgCl) was placed in the bathing solution of 

the recording chamber. The current output of both microsensors was monitored and after 

stabilization (±20 minutes) different pharmacological agents were administered to the 

slice. Administration was performed by applying the drugs to the aCSF reservoir and 

perfusing the slice with this solution. Some drugs (i.e. DL-TBOA, CPG and LTX) were not 

washed in, but were administered directly in the bathing solution of the recording 

chamber at the opposite site from the slice where suction took place, in order to 

guarantee that the pharmacological agent perfuses through the slice. During this 

approach the rate of aCSF perfusion was decreased to about 1 ml/min and after a short 

stabilization period (±5 min) at this particular flow rate the drugs were applied. Note, it 

was observed that the distribution of drugs were more difficult to control with this 

approach. 

 

 

Figure 1:  The recording chamber (left). A close up of the microsensors in a V shape in 

the slice. Insertion of the sensors (GLUS and BGS), as well as Ag/AgCl reference 

electrode which is visible underneath the organotypic hippocampal slice (right). 

 

2.3 Microsensors 

Microsensors (glutamate (GLUS) and background sensors (BGS)) were constructed and 

selected for in vitro recordings as previously reported (Oldenziel et al. 2004;Oldenziel 

and Westerink 2005). Briefly, a single carbon fibre (P-55s, Thornel carbon fibre’s, 

Amoco; 10 µm diameters) was sealed with epoxy into a pulled glass capillary (TW100F-

3, World Prevision Instruments, Sarasoto, FL, USA) and the exposed fibre was trimmed 
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to a length of 300-400 µm. The microsensors were prepared by immobilization of a five-

component redox-hydrogel, in which l-glutamate oxidase (GluOx) (0.0065 Units/µl); 10µl), 

horseradish peroxidase (HRP) (0.711 Units/µl; 10 µl), and ascorbate oxidase (AAOx) (1.5 

Units/µl); 10 µl) were wired via poly(ethyleneglycol) diglycidyl ether (PEDGE) to an 

osmium containing redox polymer abbreviated as POs-EA. The redox polymer POs-EA 

(1 mg/ml; 20 µl) and cross-linker PEDGE (3mg/ml; 4µl) were dissolved in ultra-pure 

water. Enzyme solutions were made in HEPES buffer (pH 8.00) prepared by the addition 

of the HEPES sodium salt to a 10mM solution of the acid. The coating procedure was 

mechanized by using an automated dipcoater. After coating, the sensors were cured for 

1 hr at 37ºC, followed by a 10 min dip in ultra pure water and 2 hrs drying in ambient air. 

The sensors are easily affected by non-specific interference from electroactive 

compounds, mainly ascorbate (AA) and possible 4-hydroxy-3-methoxyphenylacetic acid 

(DOPAC), 5-hydroxyindolacetic acid and urate. Application of a thin Nafion coating 

therefore completed the fabrication. Nafion repels anions such as 3,4 

dihydroxyphenylacetic acid (DOPAC) and ascorbic acid (AA). The Nafion coating was 

performed by repetitively dipping the hydrogel-coated microsensors 5 times for 10 sec, 

with 20 sec intervals, in a 0.5% Nafion solution (1:10 dilution in isopropanol p.a). All the 

sensors were coated with Nafion, unless stated otherwise. The sensors were cured 

overnight in a refrigerator before calibration the next day. The sentinel or background 

sensors were prepared similarly to the glutamate microsensors, only GluOx was not 

incorporated into the hydrogel. 

  

Electrochemical detection of glutamate by the sensor occurs as follows: the glutamate is 

converted by GluOx to H2O2, α-ketoglutarate and NH3. Next, this H2O2 is converted by 

HRP, which in turn communicates with the Pos-EA. Finally, the Pos-EA mediates the 

electron transfer to the CFE surface. AAOx is incorporated to prevent interference by AA. 

For a more detailed description of the performance of the sensor reference is made to 

previous reports (Oldenziel and Westerink 2005;Oldenziel et al. 2006). The experiments 

were carried out by amperometrically operating the microsensor at a constant potential of 

–150 mV (vs. Ag/AgCl). Before the microsensors were used in vitro, they were calibrated 

in a flow-injection analysis system (FIA). Several microsensor properties were 

determined during this calibration, as described before (Oldenziel and Westerink  2005): 

shape and height of the CV (nA; determined as the sum of the cathodic (Ipc) and anodic 

peak (Ipa) current), sensitivity (pA/µM), interference (%), linearity (R2), detection limit 

(µM); 3 times signal to noise ratio and response time (sec); time required for the signal to 

increase from 10 to 90%. Only the sensors that could not detect the oxidative current of 

ascorbate up to 200 µM were used. 
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After the in vitro experiment was performed, the microsensors were post-calibrated. The 

sensitivity of the microsensors for glutamate were calculated in the conditions described 

previously (Oldenziel et al. 2006b). This sensitivity was used to interpret the detected 

current (pA) to final extracellular glutamate concentrations. In addition, compound used 

in slice experiments were also injected during the calibration and induced no effect. 

 

2.4 Reagents/ Chemicals 

Glutamate oxidase (GluOx; G-0400; 6.5 units/mg) was purchased from USBiological 

(Swampscott, MA, USA). Horseradish peroxidase type II (HRP; P-8250; 158 units/mg), 

[4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid] (HEPES), HEPES sodium salt, l-

glutamate, l-ascorbic acid, poly(ethylene glycol) diglycidyl ether (PEDGE), silver chloride 

and Nafion (5% Nafion solution,1100 equivalent weight), tetrodotoxine (TTX) and all 

other chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA), unless stated 

otherwise. DL-threo-ß-benzyloxyaspartate (DL-TBOA) and (S)-4-carboxyphenylglycine 

(CPG) were obtained from Tocris Bioscience (Bristol, UK). D-glucose, salts, acetone p.a. 

and 2-propanol p.a. were obtained from Merck (Darmstadt, Germany). AAOx was initially 

obtained from Seravac (Cape Town, South Africa; Product nr. 011530), but was purified 

prior to its use, (Oldenziel et al. 2006a). Gey’s balanced salt solution (GBSS), optimem-

medium (Gibco BRL Cat. No. 31985-047), inactive horse serum (Gibco BRL Cat. No 

26020-091), Hanks Balanced Salt Solution (HBSS), neurobasal medium (Gibco BRL, 

Cat. No. 21103-049) as well as B-27 supplement containing several hormones, fatty 

acids and free readical scavengers including glutathione, vitamin E and superoxide 

dismutase (Gibco BRL, Cat. No. 17504-101) were all supplied by Gibco, Paisley, 

Scotland. aCSF was used for the calibration procedures and for the dissolution of drugs. 

It had the following composition: 145 mM Na+, 1.2 mM Ca2+, 2.7 mM K+, 1.0 mM Mg2+, 

152 mM Cl- and 2.0 mM phosphate; pH 7.4 adjusted with sodium hydroxide. The aCSF 

solutions were made in ultra-purified water (U.P.; Elgastat maxima, Salm en Kipp).  

 

2.5 Statistics 

Data were presented as mean ± SEM. The recordings of the microsensors (in pA) were 

averaged and represented as a black line (mean) with a grey area (SEM). Each 

experiment represents the number of slices used (presented as “n”). Each acute slice 

was obtained from a different animal and each organotypic slice was obtained from a 

different batch of pups. Each slice was investigated with a different set of microsensors. 

SPSS14.0 for windows was used to calculate statistics. Statistical analysis was 

performed using One Way Anova with repeated measures followed by a Student-
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Newman-Keuls posthoc test. The level of significance was set at p <0.05. For statistical 

analysis the data (each second, a data point) were averaged to sections of minutes and 

the output of both microsensors at the minute prior to treatment was compared to the 

different post-treatment minutes. 
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3. RESULTS 

3.1 Microsensor recordings in the CA1 area 

The experiments in the present study were conducted by inserting both a glutamate 

(GLUS) and background microsensor (BGS) in close proximity (<200 µm) in the CA1 

area of an organotypic hippocampal slice. The sensors were implanted through the 

whole thickness of the slice (<200 µm) to insure optimal amount of contact (Figure 2). 

Several pharmacological agents with specific modulation properties were applied to the 

slices in the flow chamber. The influences of these agents on glutamate in the CA1 

regions were monitored with aid of the microsensor recordings. The current output of 

both microsensors was monitored and the change in current represented the modulation 

in extracellular glutamate concentration ([Glu]0).  

 

 

A 

 

B 

Figure 2:  Photographs illustrating the difference between an acute hippocampal slice (A) 

(Oldenziel et al. 2007) and an organotypic hippocampal slice on adjacent millicell culturing 

membrane (B) .  

 

3.2 PI staining and visual inspection of organotypi c hippocampal slices 

Propidium iodine (PI) was used to assess neuronal death in the slices at 7, 14 and 28 

days after culturing. PI is a polar compound which only enters cells with damaged cell 

membranes. Inside the cells it binds to nucleic acids and becomes brightly red 

fluorescent. The dye is not toxic to neurons and has been used as an indicator of 

neuronal integrity and cell viability. Thus the intensity of fluorescence is directly 

proportional to cell death. In Figure 3 slices were assessed with PI on day 8 and day 20. 

In Figure 4 slices are visually inspected before placed in the flow chamber for 

microsensoring experiments. Flattening and thinning of the slices were observed during 

incubation over a period of days. Slices (organotypic and acute slices) also become 

thinner during the experiment. Concurrently the contact surface between the microsensor 

and tissue becomes less due to the decrease in the thickness of the material. 
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A B 

Figure 3 : Convocal laser scanning microscope (CLSM) photos taken of different slices 

stained with PI. Pattern and rate of cell death differs between each slice. Pictures are 

taken at  Day 8 (A) and Day 20 (B) 

 

7 days 
 

11 days 

 

19 days 

 

32 days 

Figure 4: Visual inspections of organotypic hippocampal slice before placed in flow a 

chamber for microsensing experiments.  

 

3.3 Monitoring basal extracellular glutamate levels  

The output of the microsensors is expressed in current (pA). In order to determine 

glutamate concentrations (in µM) in the slices, the sensors were calibrated in a flow 

injection system in order to determine sensitivity and selectivity  

 

From the pre-calibration (i.e. pre-in vitro) of the microsensors used in organotypic slices, 

a total of 104 sets (GLUS and BGS) of microsensors were used and a sensitivity of 2.71 

± 0.29 pA/µM (mean ± SEM) was obtained. Since the interference by reducing agents is 

predominant by ascorbate, the selectivity of the sensors was found to be 1.72 ± 0.13 

pA/µM (mean ± SEM), in the presence of 100 µM glutamate and 200 µM ascorbate.  
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According to Oldenziel et al. (2006b) in order to correlate the current output of the 

microsensor to final glutamate concentrations in slices, it is necessary to calibrate the 

microsensor at similar conditions which are encountered in the slice. In this respect, the 

microsensor needs to be post-calibrated (i.e. post-in vitro) in such conditions 

representing a steady stage, in the presence of approximately 50 µM ascorbic acid (AA) 

and at a 45% pO2 (of approximately 350 mm Hg). The sensitivity of the microsensor at 

these conditions is 4.46 ± 1.6 pA/µM (mean ± SEM), which should make the sensors 2.6 

times more sensitive at post-calibration conditions compared to pre-calibration 

conditions. During the post-calibration it was found that sensors showed increase 

sensitivity to glutamate in the presence of ascorbate which is contrary to what was found 

in pre-calibration. 

 

Recent findings in our laboratory have also indicated that the glutamate microsensor is 

more sensitive to reducing agents uric acid and DOPAC in post-calibration than in pre-

calibration. For these reasons it may be safer to assume that the best sensitivity with the 

least interference of the sensor is accounted in pre-calibration. Pre-calibration is an 

acknowledge method of determining glutamate concentrations in experiments in other 

laboratories (Burmeister JJ and Gerhardt 2001). 

 

If it was the perfect sensor, the sensor would have been reproducible in sensitivity and 

selectivity, however a large variation was found between sensors and therefore between 

experiments. Ideally the sensitivity is also used to quantify the basal extracellular 

glutamate concentrations present in the organotypic slice. From an average of 95 

experiments, the difference between the current output of the glutamate and background 

sensor was 8.4 pA ± 7.3 pA (mean ± SEM). This correlates with pre-calibration for a 

basal glutamate concentration of approximately 3.01 ± 2.63 µM (mean ± SEM), or 4.75 ± 

4.14 µM (mean ± SEM) for interference calculated in organotypic hippocampal slices. 

 

3.4 Organotypic slices exposed to various pharmacol ogical compounds, in order 

to monitor provoked glutamate release 

To investigate whether the microsensors were capable of detecting extracellular 

glutamate in organotypic hippocampal slices, various concentrations of exogenous 

glutamate was administered and investigated. A dose of 100 and 300 µM of exogenous 

glutamate was administered to the slices and a subsequent increase in glutamate levels 

was monitored. The application of 100 µM glutamate for 10 min resulted in a ± 45 pA (10 

µM) increase in extracellular glutamate in the CA1 area of hippocampal slices. The 

increased glutamate level was further augmented with a 300 µM dosage administered 
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over 20 min which caused an additional increase of ±120 pA (27 µM) giving a ±165 pA 

(37 µM) increase from baseline (F2,287=80.715; p<0.001). The increase was significant in 

time too (F35,287=9.505; p<0.001) (Figure 5). In acute slices 100 and 300 µM doses 

increased the detected glutamate levels ±150 pA (30 µM) and ± 415 pA (83 uM) 

respectively. In an experiment where just 100 µM glutamate was applied an increase of ± 

85 pA (17 µM) was observed (Oldenziel et al. 2007). The detected glutamate levels are a 

mixed signal of both exogenous and endogenous glutamate being detected. 

 

To further explore the potential of the microsensor, several pharmacological agents were 

administered which were previously investigated in acute slices with the microsensor. 

These drugs were investigated, as they are known to facilitate the release of glutamate. 

At first the influence of 120 mM KCl was examined. A concentration of 120 mM KCl 

induced a significant increase of ±30pA (6.7 µM) exogenous glutamate (F1,323=28.229; 

p<0.001). A significant increase over time was found (F17,323=3.154; p<0.001) (Figure 6). 

In acute slices 120 mM KCl caused an a much larger increase of glutamate release of 

±200 pA (40 µM) (Oldenziel et al. 2007). 

 

The sodium channel activator veratridine  (VTD) and neurotoxin α-latrotoxin  (LTX; 

300nl) which causes massive release of neurotransmitter pools did not induce any 

change in extracellular glutamate levels in the organotypic slices. In acute slices 50 µM 

VTD increased [Glu]0 to ±110 pA (22 µM) and 300 nM LTX increased [Glu]0 to ±225 pA 

(45 µM) (Oldenziel et al. 2007). In acute slices VTD caused a slight increase in response 

in the background signal, but in organotypic slices it caused a slight decrease in 

response. LTX was applied locally, i.e. application in the recording chamber to the slice 

instead of washing in, as was done in acute slices. Due to the application method the 

signal shows a high noise frequency for a few seconds (results not shown). 

 

Activating the iontropic glutamate receptors with kainate  did not induce any change in 

[Glu]0 (results not shown). 

 

3.5 Organotypic slices exposed to various pharmacol ogical compounds, in order 

to monitor tonic release of glutamate  

Do determine whether the glutamate measured with the microsensors in the organotypic 

slices are under tonic control, the influence of the reuptake inhibitor DL-threo-ß-

benzyloxyaspartate ( DL-TBOA)  was measured. The reuptake inhibitor DL–TBOA blocks 

Na+-dependent glutamate transporters. In the organotypic slices DL-TBOA induced an 

increase of ±30 pA (134 µM) however the increase in glutamate was not significant 
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(F1,233=3.672; p=0.057) nor the increase over time (F17,233=0.518;  p=0.943) (Figure 7). 

Probably due to the large variation between experiments. Conversely in acute slices 

10min 200µM DL -TBOA increased the glutamate levels 35pA (± 7 µM) significantly 

(Oldenziel et al. 2007). 

The effect of DL–TBOA was further investigated following co-administration of  

exogenous glutamate . First, the slices were pre-treated with 200 µM DL–TBOA for 10 

min, which did not change [Glu]0, followed by allocation of 100µM glutamate. This 

induced an increase of ± 10 pA (47 µM) in organotypic slices. The increase was not 

significant in concentration (F2,215=0.261; p=0.806) nor over time (F23,215=0.076; p=1.00 

(Figure 8). In acute slices an increase of 190 pA (38 µM) was observed which was 

significant (Oldenziel et al. 2007). 

 

The effect of DL–TBOA was further investigated following co-administration of KCl.  

The slices were again pre-treated with 200 µM DL–TBOA for 15 min which increased 

[Glu]0 11 pA, followed by allocation of 100 µM KCl which induced no further increase. The 

increase in concentration was not significant (F2,95=0.412; p=0.664) nor increase over 

time (F23,95=0.033; p=1.00 (Figure 9). 

 

In order to determine whether the basal glutamate concentrations are directly derived 

from neuronal release, slices were perfused with calcium free aCSF. In this experiment 

Ca2+ free aCSF  did not change [Glu]0 measured with the microsensor (result not shown). 

Regarding the negative results of the Ca2+ free perfusions, the influence of TTX, Cd2+ 

and DIDS were not further investigated. Moreover in acute slices as these compounds 

had no effect in acute slices (Oldenziel et al. 2007). 

 

Seeing that 5 mM MSO induced no change in glutamate levels in acute hippocampal 

slices (Oldenziel et al. 2007), the organotypic slices were first exposed to glutamine in 

order to determine whether glutamine synthase activity can be observed. In this 

experiment 500 µM glutamine had no effect on [Glu]0 (results not shown). 

 

To test the possible contribution of cystine-glutamate exchange to tonic glutamate 

release, the exchange was first checked by activating glutamate exchange with 500 µM 

exogenous L-cystine . In this experiment no significant change in extracellular [Glu]0 in 

the CA1 region of the organotypic hippocampus slice was observed (result not shown). 

No further experiments with a cystine-glutamate exchange blocker were performed.  
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Figure  5: Influence of exogenous glutamate on the detection properties of the 

glutamate (GLUS) and background (BGS) microsensor. A concentration of 100 µM 

glutamate was washed in for 20 minutes followed by 300 µM glutamate for 30 minutes. 

GLUS (n=8) and BGS (n=13). 
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Figure  6: Influence of KCl on extracellular glutamate levels in organotypic 

hippocampal slice. 120 mM KCl washed in for 15 minutes. GLUS (n= 18) and BGS (n= 

18). 
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Figure 7 : Influence of 200 µM TBOA washed in for 15 minutes, on extracellular 

glutamate levels in organotypic hippocampal slice. GLUS (n=13) and BGS (n=12). 
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Figure 8 : Influence of 100 µM glutamate washed in for 10 minutes followed by 100 µM 

glutamate and 200 µM TBOA washed in for 20 minutes. GLUS (n=8) and BGS (n=7). 
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Figure 9 : 200 µM TBOA washed in for 15 minutes followed by 200 µM TBOA & 120 

mM KCl washed in for 15 minutes. GLUS (n=4) and BGS (n=4). 
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4. DISCUSSION 

4.1 Microsensor as a tool to detect extracellular glutamate in the CA1 area of the 

slices? 

In the present study the potential of the glutamate microsensor as an analytical tool in 

research in organotypic hippocampal slices in comparison to acute hippocampal slices 

was evaluated. The microsensor is designed to allow implantation with a high anatomical 

precision (e.g. in the CA1 area) in order to detect glutamate in the vicinity of neuronal 

activity. The CA1 area was chosen because it is known to contain a high density of 

pyramidal cells which are considered to be glutamatergic (Storm-Mathisen and Ottersen 

1998).  

 

4.2 Capable of detecting extracellular glutamate? 

The microsensor was capable of detecting extracellular glutamate in both slice 

preparations; organotypic and acute hippocampal slices, when exogenous glutamate 

was added. It is possible that endogenous glutamate also contributed to the signal. 

Exogenous glutamate can trigger the release of endogenous glutamate by exchange of 

cytostolic pools due to transporter reversal (Nedergaard et al. 2002;Volterra and 

Meldolesi 2005). Where the response to perfuse exogenous glutamate was within 

seconds of application in the acute slices (Oldenziel et al. 2007), the response time in 

organotypic slices was roughly 8 min. Although this difference is unexplained it suggests 

that glutamate in organotypic slices is much better stored and therefore less sensitive to 

pharmacological challenges. 

 

4.3 Sensitivity of the microsensor in slices 

From the pre-calibration (i.e. pre-in vitro) of the microsensors used in organotypic slices, 

a total of 104 sets (GLUS and BGS) of microsensors used showed a sensitivity of 2.71 ± 

0.29 pA/µM (mean ± SEM) and in the presence of ascorbate 1.72 ± 0.13 pA/µM (mean ±  

SEM). 

  

In this study we found large differences between the organotypic slices and the 

previously studied acute slices when measuring the in situ glutamate sensitivity. The in 

situ sensitivity of the microsensor for 100 µM and 300 µM glutamate in organotypic 

slices is approximately 0.40± 0.12 pA/µM and 0.42 ± 0.09 pA/µM respectively (Figure 3), 

however the in situ sensitivity of the microsensors in acute slices for 100 µM and 300 µM 

glutamate was found to be 8.3 ± 3.3pA/µM and 7.0 ±1.2pA/µM respectively (Oldenziel et 

al. 2007). Apparently exogenous glutamate reaches the microsensor more efficient in 

acute slices. Several factors might contribute to the in situ sensitivity of the microsensor 
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in slices. For example, it is assumed that: a) exogenous glutamate diffuses equally 

through the slice at both sides, b) implantation of the microsensor does not affect the 

diffusion of glutamate through the slice, c) the cellular uptake in acute slices are equal to 

organotypic slices, d) swelling of cells, due to exposure to glutamate, does not affect the 

diffusion of glutamate into the slice. It is unclear which of these factors are responsible 

for the observed differences in in situ sensitivity. 

 

4.4 Estimation of the exact basal glutamate concentration 

From an average of 95 experiments, the difference between the current output of the 

glutamate and background sensor was 8.4 ± 7.3 pA (mean ± SEM). This correlates to the 

pre-calibration, for a basal glutamate concentration of approximately 3.01 ± 2.63 µM 

(mean ± SEM), or corrected for the interference: 4.75 ± 4.14 µM (mean ± SEM). Post-

calibration gave a value of 1.88 ± 0.68 µM (mean ± SEM) in organotypic slices. The 

decrease in sensitivity is probably explained by biofouling. Basal glutamate 

concentrations in acute slices were approximately 1.70 ± 1.0 µM (Oldenziel et al. 2007) 

 

It demonstrates that when the sensors are calibrated under the same conditions similar 

extracellular glutamate concentrations in acute as well as organotypic hippocampal slices 

are found. 

 

In this study measurements with microsensors; which have better spatial and temporal 

resolution than microdialysis, have shown similar high basal glutamate concentration in 

acute and organotypic slices. As the organotypic cultures represent a model for 

neurobiological, pharmacological and functional aspects of the mature hippocampus, it is 

more likely to represent in vivo conditions than the acute slices. 

 

4.5 Organotypic slices exposed to various pharmacological compounds, in order 

to monitor glutamate release  

Different pharmacological agents which are known to facilitate the release of glutamate 

via different mechanisms have been investigated in acute slices. Additional 

measurements with these various pharmacological agents were conducted in 

organotypic slices in order to compare results with previous obtained results in acute 

slices. 

 

Infusion of a solution with an elevated concentration of K+ (120 mM KCl ) resulted in an 

increase of extracellular glutamate signal. A slight increase of ±6.72 µM (according to 

post-calibration) was seen in organotypic slices (Figure 4). However an increase of ±40 
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µM was seen in acute slices (Oldenziel et al. 2007). In vivo an increase of ±58 µM was 

seen in the dentate gurus after local application (Hu et al. 1994). The glutamate released 

into the extracellular fluid under conditions of high extracellular K+ concentrations is 

probably derived from two sources namely; 1) A vesicular pool of glutamate in nerve 

terminals, from where glutamate is release following massive depolarization of the 

plasma membrane and the subsequent activation of voltage-gated Ca2+ channels, 2) A 

cytostolic pool where high K+ causes reversal of the neuronal and glial plasma 

membrane transport carriers, whose function is driven by the existing Na+ and K+ 

gradients as well as the transmembrane potential difference (Hu et al. 1994). 

 

Where elevated [K+] concentrations did induce an increase in extracellular glutamate 

concentrations, other compounds opening sodium channels such as veratridine (VTD), 

latrotoxine (LTX)  had no effect in organotypic slices. The alkaloid VTD induces cell 

depolarization by increasing Na+ influx through the synaptosomal membrane in a 

tetrodotoxine (TTX) sensitive manner. VTD has shown to increase extracellular 

glutamate in other acute slice perfusion studies (Roettger and Lipton 1996;Butters et al. 

2001;Oldenziel et al. 2007), except no studies using VTD have been published in 

organotypic slices. In acute slices a large increase in extracellular glutamate was also 

induced by the potent excitatory neurotoxin LTX (Oldenziel et al. 2007), which stimulates 

synaptic vesicle exocytosis and induces massive neurotransmitter release.  

 

Activation of kainate receptors elicits depolarization and firing of action potentials, leading 

to vesicular glutamate release (Huettner 2003;Lerma 2003). The organotypic slices were 

exposed kainate  however no effect was seen.  

 

4.6 Organotypic slices exposed to various pharmacological compounds, in order 

to monitor tonic release of glutamate  

The reuptake inhibitor TBOA  was perfused through the slices to investigate the tonic 

release of glutamate in organotypic hippocampal slices in more detail. The non-substrate 

neuronal and glial transporter antagonist DL-TBOA competitively blocks all EAAT1-3 (i.e. 

GLAST, GLT-1 and EAAC1) family transporters, increasing ambient glutamate. DL-TBOA 

increased extracellular glutamate concentrations in the organotypic slices, however this 

increase was not found to be significant due to some experiments where no effect was 

seen (p=0.057). Addition of glutamate or KCl with TBOA failed to induce a further 

significant increase. (Figure 5-7). DL-TBOA did however effectively block glutamate 

uptake in acute hippocampal slices (Oldenziel et al. 2007).  
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In order to determine whether the basal glutamate concentrations are directly derived 

from neuronal release, slices were perfused with calcium free aCSF . It is generally 

accepted by using indirect methods, that glutamate release in the brain is calcium-

dependent ((Dickie and Davies 1993), however this effect was not seen in the 

organotypic slices of this study. These results suggest that the synaptic pool of glutamate 

has no access to the microsensor. Similar conclusions were drawn by Oldenziel et. al. 

(2007) for acute slices based on the ineffectively of TTX application.  

 

The cystine-glutamate antiporter is believed to supply nonvesicular glutamate in the 

extracellular fluid. In order to determine whether the microsensor could detect this 

mechanism of glutamate release exogenous  L-cystine  was added and the glutamate 

concentrations determined. The antiporter is a plasma membrane bound Na+-

independent anionic amino acid transporter that exchanges extracellular cystine for 

intracellular glutamate (Baker et al. 2002). In this study exogenous L-cystine had no 

effect on glutamate levels in the organotypic hippocampal slices when measured with the 

glutamate microsensor. In acute slices L-cystine clearly increased [Glu]0 (Oldenziel et al. 

2007). The EC50 for activation of the exchange by external L-cystine is ±100 µM (Wyatt et 

al. 1996;Warr et al. 1999) so to concentrations used should have been sufficient to 

activate exchange.  

 

In order to increase basal glutamate levels in the organotypic hippocampal slices even 

more in this study, the slices were incubated in a buffer containing 2 µM glutamine  for 

24 hours. Glutamine is the precursory amino acid for the synthesis of glutamate and 

therefore an increase in basal glutamate levels was expected. However no increase in 

basal glutamate levels was found using our microsensor (data not shown). 
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5. CONCLUSION 

The glutamate microsensor in our laboratory has proven to be able to measure 

extracellular glutamate levels in acute and organotypic hippocampal slices. The 

microsensors used in organotypic and acute slices showed to have more or less the 

same sensitivity when calibrated in a flow injections system. However when in situ 

glutamate sensitivity was calibrated, the microsensors in acute slices were ±18 times 

more sensitive, indicating that both slice types are intrinsically different. The most 

important difference between organotypic slice cultures and acute slices is that 

organotypic slices retain a three dimensional organization while preserving the different 

cell types. Due to the different neuronal network the infusion efficacy of added 

compounds into the slice and access to glutamate pools might be different for the two 

types of slice preparations.  

 

The influence of several pharmacological agents on the extracellular glutamate levels 

were investigated in organotypic slices; however where most compounds modulated 

glutamate in acute hippocampal slices, little or no effect was seen in organotypic 

hippocampal slices. Acute slices were found to be a superior in vitro material than 

organotypic slices when the use of the glutamate microsensor is regarded. 
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