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Abstract 

Background and Objectives. Midazolam has neurotoxic properties, when 

administered neuraxially in vivo. Furthermore, midazolam induces neurodegeneration 

in neonatal animal models in combination with other general anesthetics. Therefore, 

this study focuses on the mechanism of neurotoxicity by midazolam in neuronal and 

non-neuronal cells. The study aims to evaluate the apoptotic pathway and to 

investigate the protective effects of the benzodiazepine antagonist flumazenil and the 

caspase inhibitor Q-VD.  

Methods. The apoptosis-inducing effect of preservative-free midazolam on human 

lymphoma and neuroblastoma cell lines was evaluated using flow cytometric analysis 

of early apoptotic stages (Annexin V/7-AAD) and caspase 3 activation. B-cell 

lymphoma (Bcl2) protein overexpressing and caspase 9-deficient lymphoma cells 

were used to determine the role of the mitochondrial (intrinsic) pathway. Caspase 8-

deficient and Fas-associated protein with death domain (FADD)-deficient cells were 

used to evaluate the death receptor (extrinsic) pathway. The protective effects of 

flumazenil and the caspase inhibitor Q-VD were investigated in neuroblastoma cells 

and primary rat neurons using metabolic activity assays (XTT) and 

immunofluorescence microscopy. 

Results. Midazolam induced apoptosis in all investigated cell types in a 

concentration-dependent manner, indicated by flow cytometry. Bcl2-overexpression 

and caspase 9-deficieny protected against toxicity, while caspase 8- or FADD-

deficiency had no effect. Pancaspase inhibition had a strong protective effect, while 

flumazenil did not inhibit midazolam-induced apoptosis.  

Conclusion. Midazolam induces apoptosis via activation of the mitochondrial 

pathway in a concentration-dependent manner. The mechanism of midazolam 

toxicity switches from caspase-dependent apoptosis to necrosis with increasing 

concentrations. The induction of apoptosis and necrosis by midazolam is presumably 

unrelated to GABAA receptor pathway signaling. 
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Midazolam, a gamma aminobutyric acid A (GABAA) receptor agonist, is not only used 

frequently for sedation preoperatively, but is also increasingly used as an adjuvant 

during neuraxial blockade.1-3 From animal studies, it was concluded that intrathecal 

midazolam causes spinally-mediated analgesia by binding to benzodiazepine 

receptors in the spinal cord. 4, 5 Used as an adjuvant for spinal anesthesia midazolam 

could reduce postoperative nausea and vomiting, delay the first administration of 

rescue pain medication and increase cardiovascular stability.1, 6, 7 Although clinical 

studies suggested safety in more than 500 patients, there is still considerable 

concern based on the potential neurotoxicity of intrathecal midazolam.8, 9  

Animal studies have been contradictory. Thus, no neurotoxicity was observed after 

prolonged intrathecal application in sheep and rats,10, 11 whereas in other studies 

neurotoxic effects of midazolam were described in rodent models.12, 13 In a rabbit 

model of intrathecal application of midazolam significant histological damage and 

breakdown of the blood-brain barrier was demonstrated.14 Severe alteration of 

cellular integrity was observed after a single dose of intrathecal midazolam using 

electron microscopy 24 h and 6 days after administration.15 Increasing doses of 

intrathecal midazolam as well as repeated application led to a dose- and time-

dependent increase in myelin separation and interruption as well as increasing 

vacuoles in neurones.16  

Thus, most in vivo studies show a neurotoxic effect of intrathecally applied 

midazolam, but the mechanism of toxicity remains unknown. Furthermore, 

midazolam induces apoptosis in murine Leydig cells in vitro and in neurons of 

neonatal rodents in vivo after systemic application together with other general 

anesthetics.17-19 Whether midazolam also induces apoptosis when applied in the 

vicinity of neurons is not known. Therefore, we hypothesized that midazolam induces 

apoptosis via the mitochondrial pathway of apoptosis in different human neuronal 

and non-neuronal tumor cell lines as well as in murine primary neuronal cells. 

Furthermore, we hypothesized that co-incubation with a benzodiazepine antagonist 

and a pancaspase inhibitor can ameliorate the cytotoxcity induced by midazolam. 
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Methods  

Reagents. Preservative-free midazolam from Ratiopharm (Ulm, Germany) and 

preservative-free flumazenil from Roche (Grenzach-Whylen, Germany) were used. 

The pancaspase inhibitor N-(2-quinolyl)valyl-aspartyl-(2,6-difluorophenoxy)-

methylketone (Q-VD) was purchased from Calbiochem (San Diego, CA). The 

fluorescent probe annexin V–FITC conjugate and the FITC-labeled anti-caspase 3-

antibody were obtained from BD Biosciences (San Diego, CA). 2,3-Bis(2-methoxy-4-

nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) sodium salt was purchased 

from Sigma Aldrich (St. Louis, MO). Phosphate buffered saline (PBS) without calcium 

and magnesium was obtained from Gibco, Invitrogen (Carlsbad, CA). Trypsin/EDTA 

was purchased from Biochrom AG (Berlin, Germany). Reagents not mentioned 

above were purchased from Sigma Aldrich (St. Louis, MO). 

 

Cell lines. The origin and characteristics of human Jurkat T-lymphoma cells and 

human neuroblastoma cells have been described previously.20, 21 Roswell Park 

Memorial Institute (RPMI) 1640 medium (supplemented with 10% heat-inactivated 

fetal calf serum, 2 mM L-glutamine, 50 U/ml penicillin and 50 µg/ml streptomycin) 

was used as culture medium for both cell lines. Culture conditions for all cells were a 

humidified atmosphere containing 5% carbon dioxide at 37°C.  

Cortical neuron preparation. A primary neuron culture was chosen which could 

deliver a high number of neurons allowing good quantification of the observed 

effects. Pregnant Wistar rats, 15 days post conception, were sacrificed under deep 

anesthesia with isoflurane (Forene®; Abbott, Abbott Park, IL) and embryos were 

removed with sterile technique. The embryonic cortices were removed, gently 

dissected into small pieces, and collected in Dulbecco’s Modified Eagle Medium 

(DMEM; Gibco Invitrogen, Paisley, UK). Following gentle centrifugation for 30 s, 

DMEM was discarded and 10 ml of 0.05% trypsin/EDTA (Gibco Invitrogen) were 

added. The tissue was then incubated for 8 min at 37°C/10% CO2. The reaction was 

then stopped by adding 10 ml of FCS/DMEM medium and centrifuged again as 

described above. After discarding the stopping solution the cell pellet was carefully 

resuspended in 1 ml DMEM and filtered through a sterile nylon mesh (pore diameter: 

30 µm). The filtered cell suspension was transferred to a new tube into a total volume 
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of 50 ml DMEM and spun down for 5 min. Afterwards, pellet was resuspended in 

astrocyte conditioned medium (ACM) prepared from cortical rat astrocyte cultures 

after a conditioning period of 3-4 days. Neurons were then plated on 96-wells coated 

with 0.1 mg/ml poly-D-lysin (PDL, Sigma) and 3 µg/ml laminin (Sigma). 

Exposure of cells to midazolam. Cells were incubated for 24h at 37°C with medium 

alone as negative control, with the proapoptotic kinase inhibitor staurosporine as 

positive control or treated with the indicated concentrations of preservative-free 

midazolam diluted in the corresponding cell culture medium. For experiments with 

caspase-inhibition, cells were pre-treated with the pancaspase inhibitor Q-VD (10 

µM) for 30min for 

Flow cytometric analysis of early apoptosis. To evaluate cytotoxic effects cells were 

stained after the incubation period prior to flow cytometric analysis. The protocol of 

double staining with annexin-V and 7-aminoactinomycin D (7AAD) has been 

described before.20-22 In brief, staining of cells with annexin V and 7AAD allows 

distinguishing between the fraction of cells in an early phase of apoptosis and those 

already in a late apoptotic or necrotic state. Cells only staining positive for annexin V 

but not for 7AAD are defined as early apoptotic, whereas detection of 7AAD staining 

indicates late apoptosis or necrosis in stained cells. The sum of both fractions 

indicates the percentage of overall cell death. For staining and flow cytometric 

analysis, cells were washed twice with cold PBS. Adherent SHEP neuroblastoma 

cells were first detached with trypsin/EDTA 0.05% for 3 min at 37°C and 

resuspended at a concentration of 1 x 106 cells/ml in annexin-V binding buffer (10 

mM N-[2-hydroxyethyl] piperazin-N=-3[propansulfonic acid]/NaOH, pH 7.4, 140 mM 

NaCl, 2.5 mM CaCl2). After incubating the cells for 15 min at room temperature with 5 

µl annexin-V and 5 µl 7AAD (5 µg/ml) measurements were performed with a 

FACScalibur (Becton Dickinson, Heidelberg, Germany) and analyzed using 

CellQuest Pro software. In every measurement 10.000 cells were recorded.  

Flow cytometric analysis of caspase 3-activation. Caspase-3 is one of the key 

proteases in early apoptosis. The methods have been described before.20, 21 In short, 

to determine caspase-3 activity after incubation with midazolam, the cells were fixed 

with 4% paraformaldehyde, washed twice with PBS, and incubated with 3% bovine 

serum albumin (BSA), 0.05% saponin in PBS, and 20 ml of the FITC-labeled anti-

caspase-3 antibody for 1 h protected against light. Next, cells were washed once with 
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PBS supplemented with 2% BSA, resuspended in PBS, and analyzed flow 

cytometrically.  

Detection of mitochondrial metabolic activity. Determination of mitochondrial 

metabolic activity has also been described before.20, 21 In short: For in vitro 

determination of mitochondrial viability we used the XTT (sodium 3´-[1-

(phenylaminocarbonyl)- 3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic 

acid hydrate) assay. XTT, a yellow tetrazolium salt, is cleaved by metabolic active 

cells to a soluble orange formazan dye, which can be measured 

spectrophotometrically. To measure cell viability using XTT, samples were prepared 

with 100 µl of cell suspension in 96-well cell culture plates and cells were allowed to 

adhere overnight. Primary rat neurons were adjusted to 100,000 cells/well. After the 

incubation time of 48 h, 50 µl of XTT assay solution (XTT 1 mg/ml and phenazine 

methosulfate 50 µM diluted in cell culture medium) were added to each well. Mixing 

the samples gently for 1 min was followed by incubation for 120 min at 37°C. After 

additional mixing for 3 min the absorbance was measured spectrophotometrically at a 

wavelength of 450 nm.  

Immunofluorescence microscopy of primary neurons. Primary rat neurons were 

prepared as described above and seeded to a density of 100,000 cells/well on 96-

well plates previously coated with 0.1 mg/ml poly-D-lysine (PDL, Sigma) and 3µg/ml 

laminin (Sigma). After the incubation time, cells were washed with PBS and fixed with 

4% paraformaldehyde for 15 min at RT. After additional washing with PBS, samples 

were blocked and permeabilized with blocking buffer containing 1% bovine serum 

albumin (BSA), 3% of normal serum of the second antibody host species and 0.05% 

saponine in PBS. The primary antibody (polyclonal mouse anti-NeuN) was diluted 

(1:500) in PBS containing 1% BSA and was applied by incubation overnight at 4°C. 

The secondary antibody (goat anti-mouse alexa 592) was diluted (1:1000) in the 

same buffer and applied for 1h at RT. Then, representative images of all samples 

were recorded using a fluorescence microscope with a digital camera (Leica 

Microsystems, Wetzlar, Germany). 

Statistical analysis. Each experiment was performed in triplicates. Results are 

expressed as mean ± SD. Comparisons between groups were made with one-way 

analysis of variance (ANOVA) followed by post hoc Bonferroni test using the SPSS 

program version 18.0 (SPSS Inc., Chicago, IL). P < 0.05 was considered significant. 
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Results 

Concentration-dependent induction of apoptosis and cell death in Jurkat lymphoma 

cells and SHEP neuroblastoma cells. As evaluated with annexin V / 7AAD double-

staining and subsequent flow cytometric analysis, midazolam induces apoptosis in a 

concentration-dependent manner (Fig. 1) after an incubation time of 24h. In human 

lymphoma cells (Fig. 1A) as well as in human neuroblastoma cells (Fig. 1B) an 

increased fraction of annexin V-positive and 7AAD-negative cells compared to 

untreated controls was detected, indicating cells in an early stage of apoptosis. At all 

investigated concentrations, there was also an increased fraction of annexin V-

positive and 7AAD-positive cells. These cells already lost the integrity of their cell 

membranes and therefore can be regarded as late apoptotic or necrotic. Comparing 

the effects of midazolam on these two cell lines, the neuroblastoma cell line was 

more resistant to apoptosis induction and overall cytotoxicity with a first significant 

increase of apoptotic cells occurred at a concentration of 100µM midazolam (Fig. 

1B). 

Figure 1: 

 

Fig. 1 – Concentration-dependent induction of apoptosis by midazolam. 
Apoptotic effects of increasing concentrations of midazolam were measured by flow 
cytometry in Jurkat T-Lymphoma cells (A) and neuroblastoma cells (B) after 24 h of 
exposure. The sum of early apoptotic cells (AnnV/7AAD +/-) and late apoptotic cells 
(Annv/7AAD +/+) represents the percentage of overall cell death. Data are presented 
as mean ± SD. * = P<0.05 compared with the negative control (n=3); n.s. = not 
significant; AnnV = annexin V; 7 AAD = 7-aminoactinomycin D; sts = staurosporin 
(positive control) 
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Pathway of midazolam-induced apoptosis. To elucidate the underlying signaling 

pathway of midazolam-induced apoptosis, genetically modified cell clones of Jurkat 

lymphoma cells were utilized as a well-established cell culture model of apoptosis 

signaling pathways. To evaluate the mitochondrial (intrinsic) pathway of apoptosis, 

we studied the effects of midazolam on cells overexpressing the antiapoptotic B-cell 

lymphoma 2 protein (Bcl-2) and another cell clone that is deficient of caspase 9, the 

major initiator caspase of the mitochondrial pathway. To clarify the role of the death 

receptor (extrinsic) mediated pathway, a cell line that is deficient of caspase 8, the 

major initiator caspase of the extrinsic pathway was investigated, as well as another 

cell line that is deficient of Fas-associated protein with death domain (FADD), the 

intracellular adapter molecule of the death receptor. Overexpression of Bcl-2 as well 

as the deficiency of caspase 9 led to a strong reduction of apoptosis after incubation 

with midazolam (100µM) for 24h compared to parental wild type cells (Fig. 2A). In 

contrast, neither caspase 8-deficiency nor FADD-deficiency led to reduced apoptosis 

(Fig. 2B). 

Figure 2: 

 

Fig. 2 - Pathway of midazolam-induced apoptosis. The rates of overall cell death, 
early apoptotic cells (AnnV/7AAD +/-) and late apoptotic or necrotic cells 
(AnnV/7AAD +/+) was measured after 24 h by flow cytometry in Jurkat T-Lymphoma 
cells. The toxicity of 100 µM midazolam was compared with control medium in wild 
type cells (wt), cells overexpressing Bcl-2 (bcl2+) and caspase 9-deficient cells 
(cas9-) to investigate the mitochondrial pathway. Wild type cells, caspase 8-deficient 
cells (cas8-) and FADD-deficient (FADD-) cells were exposed to control medium and 
100 µM midazolam to investigate the death receptor pathway. Data are presented as 
mean ± SD. * = P<0.05 (n=3); n.s. = not significant; AnnV = annexin V; 7 AAD = 7-
aminoactinomycin D; Bcl-2 = B-cell lymphoma 2 protein; FADD = fas associated 
protein with death domain 
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Effects of flumazenil on midazolam-induced apoptosis. To investigate the role of the 

GABAA receptor on the cytotoxicity of midazolam cells were co-incubated with the 

competitive GABAA receptor antagonist flumazenil. Flumazenil (20µM and 200µM) 

alone did not exert cytotoxic effects. Furthermore, flumazenil could not reduce the 

toxicity of midazolam (100µM) in neuroblastoma cells after 24h exposure (Fig. 3). 

Figure 3: 

 

Fig. 3 - Effects of flumazenil on midazolam-induced apoptosis. Flow cytometric 
measurement of the percentage of overall cell death, early apoptotic cells (Annexin 
V/7-AAD +/-) and late apoptotic or necrotic cells (Annexin V/7-AAD +/+) after 24 h 
exposure in neuroblastoma cells. First the apoptotic potencies of two concentrations 
of flumazenil were compared with control medium (left). Then, the effect of flumazenil 
on midazolam-induced apoptosis was investigated. n.s., not significant (n=3). Data 
are presented as mean ± SD. 

 

Activation caspase 3 by midazolam and effects of caspase inhibition in human 

neuroblastoma cells. In addition to evaluation of apoptosis by annexin V and 7AAD 

double-staining, activation of caspase 3 as the most important effector caspase 

during execution of apoptosis was measured by flow cytometric analysis using 

fluorescence-conjugated antibodies against activated caspase 3. Exposure of 

neuroblastoma cells with midazolam for 6h showed a marked increase of expression 

of activated caspase-3 (Fig 4), resembling the results of the annexin V/7AAD double-

staining (Fig. 1B). 
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Figure 4: 

 

Fig. 4 – Activation of caspase 3 by midazolam. Activation of caspase-3 was 
measured as a marker for apoptosis by flow cytometry after 6 h exposure in 
neuroblastoma cells (SHEP). Data are presented as mean ± SD. * = P<0.05 
compared with the negative control (n=3). 

 

Since caspase activation plays a central role during midazolam-induced apoptosis, 

the effect of caspase inhibition was investigated. Therefore, cells were pretreated for 

30min with the irreversible and cell-permeable pancaspase inhibitor Q-VD (10µM) 

before incubation with midazolam. Results show a strong reduction of apoptosis and 

overall cell death up to concentrations of midazolam of 300µM. At 400µM midazolam, 

Q-VD was still protective but to a lower extent indicating a change of cell death 

mechanism from apoptosis to necrosis (Fig. 5). 
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Figure 5: 

 

Fig. 5 - Effects of caspase-inhibition on midazolam-induced apoptosis. 
Apoptosis induction in neuroblastoma cells (SHEP) after 24 h exposure to increasing 
concentrations of midazolam with or without the pancaspase inhibitor Q-VD (10 mM). 
Untreated cells served as negative controls, STS-treated cells as positive controls. 
Flow cytometry revealed the percentages of overall cell death, early apoptotic cells 
(Annexin V/7-AAD +/2) and late apoptotic or necrotic cells (Annexin V/7-AAD +/+). 
Data are presented as mean ± SD. * = P<0.05 (n=3). 

 

Midazolam-induced apoptosis in primary rat neurons. To clarify the relevance of 

apoptosis induction and therefore neurotoxicity of midazolam in primary neurons after 

a prolonged period of exposure, the effects of midazolam and the pancaspase 

inhibitor Q-VD were investigated in primary rat neurons after incubation for 48h. In 

this set of experiments, midazolam led to a significant toxicity at concentrations 

ranging from 25µM to 100µM in a dose-dependent manner (Fig. 6). Again, 

pretreatment with Q-VD (10µM) for 30min improved metabolic activity significantly, 

i.e. cell viability, at concentrations of midazolam of up to 75µM. The protective effect 

of Q-VD vanished at 100 µM of midazolam, indicating caspase-independent cell 

death. Interestingly, even in untreated controls and at low concentrations of 

midazolam (5 to 10µM) Q-VD improved the metabolic activity, indicating a notable 

background rate of apoptosis in these primary cell cultures. 
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Figure 6: 

 

Fig. 6 – Neurotoxic effects of midazolam on primary neurons. Mitochondrial 
activity was measured after 48 h using the XTT-assay in primary rat neurons. Cells 
were exposed to increasing concentrations of midazolam with and without co-
incubation with the pancaspase-inhibitor Q-VD (10 µM). Data are presented as mean 
± SD. * = P<0.05 compared to the same concentration of midazolam without Q-VD 
(n=3). 

 

In accordance with the results obtained with metabolic activity assays, the evaluation 

of primary neurons by immunofluorescence microscopy revealed first morphologic 

signs of reduced cell viability, e.g. loss of dendritic structures and cell shrinkage at 

25µM midazolam and a clear reduction of this effect at 75µM midazolam by Q-VD 

pretreatment (Fig. 7).  
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Figure 7: 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 - Morphologic changes in primary neurons after exposure to midazolam. 
Rat primary neurons were stained with the vertebrate neuron-specific nuclear protein 
called NeuN (Neuronal Nuclei) as a specific marker of neurons and an established 
method to display toxic lesions in the central nervous system using 
immunofluorescence microscopy. Morphologic changes including retraction of 
dendrites were detected after 48h in primary rat neurons after exposure with 
increasing concentrations of midazolam (right column). Co-incubation with the 
pancaspase-inhibitor Q-VD (10 µM) preserved dendritic integrity indicating a reduced 
midazolam-induced neurotoxicity. 
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Discussion 

The results of this investigation indicate that preservative-free midazolam at 

micromolar concentrations induces apoptosis in neuronal and non-neuronal cells. At 

higher concentrations the mechanism of cell death switches to necrosis. While 

Midazolam activates the mitochondrial path of apoptosis, death receptor signaling is 

not involved. The addition of a caspase inhibitor substantially prevents apoptosis 

induction by midazolam. Furthermore, the cytotoxic effect of midazolam seems to be 

independent of benzodiazepine receptor signaling, since addition of the 

benzodiazepine antagonist flumazenil did not alter toxicity. 

Midazolam is used as an adjuvant for spinal anesthesia, because it prolongs 

analgesia, reduces nausea and vomiting and increases hemodynamic stability.6, 7 

Although no neurotoxicity was observed in any of these clinical studies and its use 

has been advocated recently, large randomized controlled studies with prolonged 

follow-up are required to confirm the clinical safety of intrathecal midazolam.1  

The aim of this study was to elucidate the mechanism of midazolam-induced toxicity. 

Results of animal studies are controversial, the majority of studies could demonstrate 

a neurotoxic effect, when midazolam was applied as a bolus or as a continuous 

infusion in different animal models.12-16 Although the neurotoxicity of midazolam has 

been demonstrated repeatedly in different species no study looked into the 

mechanism of neurotoxicity. Therefore, our in vitro model seems feasible to 

investigate whether or not apoptosis is induced by midazolam and to evaluate the 

mechanism of apoptosis induction. The present study suggests that midazolam 

induces apoptosis via the mitochondrial pathway. These results are in line with 

results from our group obtained for local anesthetics and ketamine.20, 21 Since 

ketamine and midazolam are usually combined with local anesthetics during regional 

anesthesia, an additive toxicity may be assumed, although this effect needs to be 

explored in further investigations.  

The toxicity of midazolam could not be inhibited by the benzodiazepine antagonist 

flumazenil even not at concentrations which effectively block the action of midazolam 

at the benzodiazepine receptors. Thus, the toxicity of midazolam seems to be 
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independent of signaling at the GABAA and the peripheral benzodiazepine receptor 

which is now known as the 18kDa translocator protein - a protein of the mitochondrial 

transition pore located between the inner and outer mitochondrial membrane.23 This 

is rather surprising, since stimulation of both receptors has been linked to apoptosis 

induction in other models. Stimulation of the 18 kDa translocator protein by 

benzodiazepines has been shown to facilitate apoptosis in glioma cells.24 More 

recently, midazolam has been shown to induce apoptosis in Leydig tumor cells at 

concentrations similar to those used here.17 Similarly, the effects of midazolam in 

their model could not be inhibited by flumazenil, and a pathway via protein kinase A 

or C was suggested. Furthermore, Jurkat T-lymphoma cells are naturally devoid of 

peripheral benzodiazepine receptors, whereas neuroblastoma cells express these 

receptors.25, 26 Thus, the increased sensitivity of Jurkat cells in comparison with 

neuroblastoma cell and astrocytes, as seen here, renders an involvement of the 

peripheral benzodiazepine receptor highly unlikely.  

Midazolam has been demonstrated to induce apoptosis in the neonatal central 

nervous system presumably via the GABAA receptor.18, 19 In contrast to our results, 

induction of apoptosis was found only at a very sensitive period of neurodevelopment 

near the climax of naturally occurring neuroapoptosis. Furthermore, apoptosis in this 

in vivo model was found to be induced via the mitochondrial and death receptor 

pathway of apoptosis27 in contrast to the results of the present study, which indicate 

apoptosis induction only via the mitochondrial pathway. However, this systemic 

apoptosis induction of midazolam in neonatal animals is an effect only observable in 

an extended neuronal network in a very sensitive period and not comparable with the 

local toxic effects observed in our model.   

Thus, presumably the local toxicity of midazolam is not induced by either of these 

receptors. But it has been shown that midazolam can block voltage-dependent 

calcium and other ion channels in concentrations as used here.28, 29 This may be the 

mechanism of apoptosis induction by midazolam, since calcium channel blockade 

has been shown to be a mechanism of caspase 8-independent apoptosis in Jurkat 

cells.30 

The extremely steep slope of the concentration-toxicity curves is presumably another 

hint that the effects are not receptor-mediated. Thus, the toxicity of midazolam is 



 120

unlikely to be mediated via the GABAA or peripheral benzodiazepine receptor. 

Therefore, one may speculate that there may be other GABAA receptor agonists 

which do not induce apoptosis locally. In that way further elucidation of the 

mechanism of local toxicity may help to develop and evaluate compounds with a 

lower risk for neurotoxic effects. 

The translation of the results presented here into the clinical situation should be done 

with great caution. The cell lines and primary cell cultures employed are isolated 

artificial systems that may display another level of sensitivity to toxins. Furthermore, 

after intrathecal injection axons are more exposed to the injected drugs than the 

nerve cells in the dorsal root ganglion or the spinal cord. Finally, in vivo there are 

other factors determining toxicity like vascularisation, resorption and tissue 

interactions. Nevertheless, our observation of midazolam-induced toxicity in cells of 

hematogenic, ectodermal and neuronal origin illustrates that this effect is not 

reserved to a certain cell type, but a phenomenon that must be considered for the 

local application of midazolam in any tissue and location.  

Another limitation of the study might be that the concentration of midazolam after 

intrathecal application is presumably lower and the exposition time may be shorter. 

Unfortunately, the intrathecal concentrations after spinal anesthesia with the addition 

of midazolam are unknown. However, in most clinical studies midazolam is injected 

in a concentration of 1 mg/ml (≈ 3 mM) which was highly toxic in our model. But in the 

cerebrospinal fluid (CSF) this concentration is quickly diluted in about 50 ml CSF 

below the T11/12,31 giving a calculated concentration of 40 µg/ml (122 µM) after 

intrathecal injection of 2 ml which still induced apoptosis in the cells investigated 

here. This concentration will normally decline over time and not stay constant over 24 

hours as in our model. However, the experience with patients who developed cauda 

equina syndrome after intrathecal application of lidocaine through microcatheters or 

even after single shot spinal anesthesia teaches that maldistribution of substances 

applied intrathecally may lead to devastating complications even if observed only in 

very few patients.32 Thus, before the margins of safety of intrathecal administration 

and co-administration of midazolam have not been shown in large controlled trials, its 

use should be restricted to trials or special indications.  
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In conclusion, midazolam induces apoptosis in cells of hematogenic, ectodermal, 

mesenchymal and neuronal origin. The mechanism of cell death changes to necrosis 

at higher concentrations, while the toxicity of midazolam is most likely not mediated 

via the GABAA receptor or the peripheral benzodiazepine receptor. Midazolam-

induced apoptosis is mediated via the mitochondrial pathway of apoptosis 

independently of the death receptor. This may suggest an additive toxicity when 

applied together with other substances, which also activate this pathway like local 

anesthetics.   
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