
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Mechanisms of neuro- and cytotoxicity of local anesthetics and their adjuvants

Stevens, M.F.

Publication date
2012
Document Version
Final published version

Link to publication

Citation for published version (APA):
Stevens, M. F. (2012). Mechanisms of neuro- and cytotoxicity of local anesthetics and their
adjuvants. [Thesis, fully internal, Universiteit van Amsterdam]. Boxpress.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/mechanisms-of-neuro-and-cytotoxicity-of-local-anesthetics-and-their-adjuvants(58fe2398-3716-4b04-916c-c5bc76ba4a48).html


Mechanisms of neuro- and cytotoxicity  
of local anesthetics and their adjuvants

Mechanisms of neuro- and cytotoxicity of local anesthetics and their adjuvants 
Markus F. Stevens

Markus F. Stevens



 1

 

 

 

Mechanisms of neuro- and cytotoxicity of local 

anesthetics and their adjuvants 

 

 

 

 

 

 
 

Markus Florian Stevens 



 2

Mechanisms of neuro- and cytotoxicity of local anesthetics and their adjuvants 

Markus F. Stevens, Dissertation, University of Amsterdam, the Netherlands 

 

This Dissertation was prepared at the Department of Anesthesiology, Academic 

Medical Center (AMC), Amsterdam, the Netherlands 

 

Cover photographs: 

Bupivacaine Hydrochloride 60-03-6 (front page) and 60-03-8 (back page) by Claudia 

Fährenkemper; series Habitus, Edition of 8 with grateful acknowledgement of the 

artist’s permission to reproduce her work on the cover of this booklet. Copyright of 

cover background photograph by the artist.  

 

Published by: Uitgeverij BOXPress, 's-Hertogenbosch 



 3

 

Mechanisms of neuro- and cytotoxicity of local 

anesthetics and their adjuvants 

 
 

Academisch proefschrift 
 
 
 
 

ter verkrijging van de graad van doctor 
aan de Universiteit van Amsterdam 
op gezag van de Rector Magnificus 

Prof. dr. D.C. van den Boom 
ten overstaan van een door het college voor promoties ingestelde 
commissie, in het openbaar te verdedigen in de Agnietenkapel op 

woensdag 31 oktober 2012, te 14:00 uur 

 
 
 
 

door 
 
 
 

Markus Florian Stevens 
 

geboren te Krefeld, Duitsland 



 4

Promotiecommissie: 

 

Promotor:   Prof. dr. M.W. Hollmann 

Co-promotor:  Dr. med. P.B. Lirk 

Overige leden:  Prof. dr. M.J. Schultz  

Prof. dr. O.R.C. Busch 

    Prof. dr. A. Dahan 

    Dr. P.L. Houweling 

    Prof. dr. C.M.A.M. van der Horst 

    Dr. med. S. Picardi (geb. Herroeder) 

 

Faculteit der Geneeskunde 



 5

Contents 

Chapter 1:  General introduction and Aim of the thesis   7 

Chapter 2:  Lidocaine induces apoptosis via the mitochondrial  17 

pathway independently of death receptor signaling   

Chapter 3: Apoptosis induction by different local anesthetics  41 

in a neuroblastoma cell line  

Chapter 4: Lipophilicity but not stereospecificity is a major  61 

determinant of local anaesthetic-induced cyto-    

toxicity in in human T-lymphoma cells 

Chapter 5: Ketamine induces apoptosis via the mitochondrial  77 

pathway in human lympocytes and neuronal cells  

Chapter 6: Benzethonium increases cytotoxicity of  93 

S-ketamine in lymphoma, neuronal and glial cells  

Chapter 7:  Midazolam activates the intrinsic pathway of  105 

apoptosis independent of benzodiazepine and        

death receptor signaling 

Chapter 8: The influence of adjuvants used in regional  125 

anesthesia on lidocaine-induced neurotoxicity              

in vitro  

Chapter 9: General discussion 145 

Chapter 10: Summary 161 

Chapter 11:  Samenvatting 165 

Acknowlegdement / Dankwoord / Danksagung 169 



 6



 7

Chapter 1 

 

 

 

 

 

 

 

 

 

 

 

 

General introduction and aim of the thesis 



 8

 

General introduction 

Local anesthetics were introduced into clinical practice in 1884 by the Viennese 

ophthalmologist Karl Koller.1 Since then, local anesthetics have been widely used for 

many indications, most commonly for local and regional anesthesia. The introduction of 

high-definition ultrasound at the end of the last century has renewed interest in regional 

anesthetic procedures, especially peripheral nerve blockades. However, it is well known 

that all local anesthetics are potentially neurotoxic and cytotoxic, depending on 

concentration and duration of action.2 Generally, local and regional anesthesia are 

considered safe medical procedures. Permanent neurologic damage is rare, but 

devastating once it occurs.3-5 For example, continuous spinal anesthesia and even single 

shot spinal anesthesia can lead to permanent cauda equina syndromes.6,7
 This was 

frequently (1:1300) seen after continuous intrathecal application of lidocaine in high 

concentrations, a practice that has, in principle, been abandoned.3-5 Furthermore, 

lidocaine is known to induce transient neurological symptoms (TNS) after a single shot 

intrathecal injection in up to 33% of patients.8 TNS is defined as segmental radiating pain 

without concomitant sensory or motor deficit developing within 24 hours after spinal 

anesthesia. Pain usually subsides within 5 days.9,10 The main pathogenic factors of TNS 

are mechanical stress on nerve roots (i.e. lithotomy position) and local anesthetic 

neurotoxicity. Although TNS syndrome has been described for all local anesthetics, the 

incidence is significantly higher when using lidocaine than with most other local 

anesthetics. For this reason, lidocaine is seen as a prototype for the direct neurotoxicity 

of local anesthetics.  

In animal studies, neurotoxicity of many local anesthetics has been demonstrated, 

but the mechanism remains incompletely understood.11-15 Since blockade of the voltage-

dependent sodium channel is the primary mechanism of local anesthetics to block nerve 

conduction, it has been hypothesized that nerve atrophy may result from long-term 

application. However, experimental evidence disproved this suggestion. Neither long-

term application of blockers of the sodium channel other than local anesthetics, nor long-

term inactivation of a sensory nerve led to neurological damage.16-18 Therefore, actions 

other than blockade of the voltage-dependent sodium channel must cause local 

anesthetic toxicity. It has been demonstrated, that local anesthetics induce elevations of 

intracellular calcium concentration through external influx or release from intracellular 
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stores.19,20 Furthermore, local anesthetics activate intracellular kinases and inhibit the 

energy production in the mitochondrion.20-24 Apoptosis has been shown to be one 

mechanism of neurotoxicity in vitro.20,25-27 Apoptotic pathways are largely controlled by a 

family of cysteine proteases called caspases. Different caspases control different 

pathways of apoptosis. The apoptotic pathways can be divided into two major initiator 

signaling pathways: the extrinsic death receptor pathway and the intrinsic mitochondrial 

pathway. They both end in a common executioner pathway initiated by caspase-3. The 

death receptor is activated by certain ligands extrcellularly and combines with  the (Fas-

associated protein with death domain (FADD) and caspase-8 to form the, death inducing 

signaling complex (DISC). In the DISC, caspase-8 acts as the initiator caspase of the 

extrinsic pathway and subsequently activates caspase-3 of the common pathway of 

apoptosis. In contrast, the intrinsic pathway is initiated at the mitochondrion, which 

releases cytochrome C and other proapoptotic factors  into the cell. The incorporation of 

pores into the mitochondrial membrane is regulated by the antiapototic protein Bcl-2 and 

leads to activation of caspase-9 and subsequently to activation of caspase-3 of the 

common pathway of apoptosis. It has not been determined which pathway is responsible 

for lidocaine-induced neurotoxicity.   

Although lidocaine is the prototype for local anesthetic-induced neurotoxicity, local 

toxicity has been described clinically and experimentally for almost all clinically used local 

anesthetics. In vivo studies compared the neurotoxicity of different local anesthetics.11-15 

To compare all clinically used local anesthetics over a wide dose range is in vivo almost 

impossible for biometric reasons, i.e. requiring hundreds of experiments. Several in vitro 

studies demonstrated that local anesthetics induce apoptosis in various tissues.20,25,27-29 

Unfortunately, most studies just investigated one drug. However, when different drugs 

were compared, this was not done over a wide dose range, but rather by comparing 

relatively arbitrary concentrations of the tested drugs. Only Lirk et al. compared the 

neurotoxicity of lidocaine, bupivacaine and ropivacaine in concentrations equipotent at 

blocking voltage-gated sodium channels on primary cell cultures of the rat dorsal root 

ganglia.30 They found no difference in toxicity of these three local anesthetics when 

applied in equipotent concentrations. In this thesis, the toxicity of the eight local 

anesthetics was compared in neuronal and non-neuronal in vitro models.  

A simple method to reduce the toxicity of local anesthetics clinically might be to 

decrease the concentration by adding different adjuvants.31 This is done clinically using a 

number of different substances in varying concentrations. Some of them are judged as 
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safe with regard to local toxicity, but for ketamine and midazolam there is considerable 

doubt about their safety when administered neuraxially. 

Ketamine, a uncompetive N-methyl-D-aspartate (NMDA) receptor antagonist, is 

administered epidurally and intrathecally together with local anesthetics for the treatment 

of pain. However, there is considerable evidence that ketamine and other NMDA receptor 

antagonists induce neurotoxicity when applied intrathecally over days and weeks.32,33 

After intrathecal administration, ketamine may damage gray and white matter of the 

spinal cord, in the subpial region, and around the central canal. Histopathologically, 

chromatolysis has been described after long-term application of ketamine to the spinal 

cord. Chromatolysis is a late sign of apoptosis, but not pathognomonic. Thus, there is 

considerable evidence that ketamine is neurotoxic, but the mechanism of action is 

unknown. Since ketamine is still used as an adjuvant to different neuraxial blocks, the 

clarification of the mechanism of toxicity would be interesting in order to judge whether it 

might further increase the toxicity of local anesthetics. Furthermore, it would be 

interesting to know whether the newer stereoisomer S-ketamine currently clinically 

available might be less neurotoxic, as suggested by its reduced centralnervous side 

effect profile in comparison to the racemate. In addition, ketamine and S-ketamine come 

in preservative free vials, but also in multi-use vials containing the preservative 

benzethonium. The preservative benzethonium has been shown to induce apoptosis in 

several tissues. Because of this property it has even been advocated as a 

chemotherapeutic agent.34 Thus, considerable concerns exist when combining the 

cytotoxic substance ketamine and benzethonium for neuraxial blockades. However, their 

combined toxicity has never been investigated. 

Like ketamine, midazolam, a gamma-amino butyric acid A (GABAA) receptor 

agonist, is added to local anesthetics during neuraxial blockade in patients. Clinically, it 

has been demonstrated to prolong analgesia, ensure hemodynamic stability, and reduce 

postoperative nausea and vomiting.35-37 Although, some clinical studies suggest safety, 

there is considerable concern about the potential neurotoxicity of midazolam. Similar to 

ketamine, midazolam has received increasing attention for its apoptosis-inducing action 

in the brain of neonatal animal, when applied intravenously over a long time period.38 But 

this effect on the developing brain at its greatest growth spurt and at a time of massive 

physiologic apoptosis is obviously different from its local effects on differentiated 

neurons. The basis of this apoptosis induction during development has been proven to 

be at the GABAA receptor site. Whether this mechanism is also the basis for the local 



 11

neurotoxicity of midazolam is unknown, and may be elucidated with the concomitant 

application of a receptor antagonist like flumazenil.  

After answering the questions regarding the neurotoxicity and its mechanism of 

ketamine, midazolam and benzethonium per se, we investigated combined toxicities of 

different adjuvants in combination with lidocaine. Apart from ketamine and midazolam the 

following substances are most often used clinically: opioids, clonidine, neostigmine, or 

adrenaline. In vivo or in vitro combined toxicities may lead to subadditive, additive or 

supraadditive toxicity. Even though opioids and clonidine are known to be non-

neurotoxic, they may still increase or decrease the neurotoxicity elicited by lidocaine. We 

sought to screen a number of additives combined with lidocaine in mixture ratios as used 

clinically.  

 

Aims of this thesis 

The first aim of this thesis was to delineate the mechanism of toxicity and induction of 

apoptosis for the prototype agent, lidocaine. Therefore, we investigated lidocaine, as the 

prototype of amide local anesthetics, in cell lines with genetically engineered pathways of 

apoptosis (chapter 2). Lidocaine toxicity was tested in non-neuronal and neuronal cell 

lines with and without caspase inhibitors in order to identify the concentrations of 

lidocaine needed to induce apoptosis and necrosis. Furthermore, we could eludicate 

whether local anesthetics induce apoptosis via the mitochondrial or death receptor 

pathway.   

Clinically, a variety of local anesthetics are used. Although neurotoxicity has been 

described with almost all local anesthetics, the most relevant symptoms (cauda equine 

syndrome and TNS following spinal anesthesia), were primarily observed after use of 

high-dose lidocaine. Consequently, we investigated in our model of neurotoxicity whether 

some local anesthetics are more toxic than others (chapter 3). We hypothesized that 

chemical type of local anesthetic (amide vs. ester) or other physicochemical properties 

might influence toxicity. Furthermore, this comparison of different local anesthetic was 

also done in a non-neuronal cell line (chapter 4). Stereoisomers of local anesthetics have 

been introduced into clinical practice in the hope of reducing their systemic toxicity, and 

therefore we studied whether these L-stereoisomers are also less cytotoxic. 

Another way to achieve a less toxic concentration clinically would be to use an 

additive. This could theoretically reduce the toxicity of the local anesthetic, but only if the 

additive is not neurotoxic and/or does not increase the neurotoxicity of the local 
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anesthetic. Two clinically used additives (ketamine and midazolam) have been described 

as neurotoxic in the past (chapters 5&7). Therefore, we investigated their toxicity in 

different cell lines as well as primary neuronal cell cultures. If those substances turned 

out to induce apoptosis via the same pathway as local anesthetics, then additive or 

possibly supraadditive toxicity might be assumed. Furthermore, we were interested 

whether the clinically advantageous stereoisomer of ketamine, s-ketamine, would also 

display reduced neurotoxicity. Some preparations of ketamine contain benzethonium, 

which has also been shown to induce apoptosis. Therefore, the combined toxicity of 

benzethonium and ketamine was investigated by means of isobologramms (chapter 6).   

Apart from the neurotoxicity induced by ketamine and midazolam alone, the 

toxicity of mixtures of clinically used local anesthetics together with lidocaine was tested 

(chapter 8). In a first set of experiments, the ratio of the substances was chosen as most 

often used in clinical practice. Only the substances, which turned out to increase the 

neurotoxicity of lidocaine, were further investigated by means of isobolographic analysis.  
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Abstract 

Background: Local anesthetics, especially lidocaine, can lead to persistent cauda 

equina syndrome after spinal anesthesia. Recently, lidocaine has been reported to 

trigger apoptosis, although the underlying mechanisms remain unknown. To 

elucidate the pathway of lidocaine-induced apoptosis, we employed genetically 

modified cells with overexpression or deficiencies of key regulators of apoptosis. 

Methods: Human Jurkat T-lymphoma cells overexpressing the anti-apoptotic protein 

B-cell lymphoma 2 as well as cells deficient of caspase-9, caspase-8 or Fas-

associated protein with death domain were exposed to lidocaine and compared with 

parental cells. We evaluated cell viability, mitochondrial alterations, cytochrome c 

release, caspase activation and early apoptosis. Apoptosis was additionally 

investigated in neuroblastoma cells. 

Results: In Jurkat cells, lidocaine reduced viability, associated with a loss of the 

mitochondrial membrane potential. At low concentrations (3-6 mM) of lidocaine 

caspase-3 was activated and release of cytochrome c was detected, while at higher 

concentrations (10 mM) no caspase activation was found. Apoptosis by lidocaine was 

strongly reduced by B-cell lymphoma 2 protein-overexpression or caspase-9-

deficiency, whereas cells lacking the death receptor pathway components caspase-8 

and Fas-associated protein with death domain were not protected and displayed 

similar apoptotic alterations as the parental cells. Lidocaine also induced apoptotic 

caspase activation in neuroblastoma cells. 

Conclusions: Apoptosis occurred at concentrations of lidocaine occurring 

intrathecally after spinal anesthesia, whereas higher concentrations induced 

necrosis. Our data indicate that death receptors are not involved in lidocaine-induced 

apoptosis. In contrast, the observation that B-cell lymphoma 2 protein-overexpression 

or the lack of caspase-9 abolished apoptosis clearly implicates the intrinsic 

mitochondrial death pathway in lidocaine-induced apoptosis.
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Introduction  

Lidocaine can lead to cauda equina syndrome and transient neurological symptoms 

after spinal anesthesia 1,2. In animal studies a concentration- and time-dependent 

cytotoxicity of many local anesthetics including lidocaine has been demonstrated 3-9. 

The mechanism of this toxicity is unrelated to the primary action of all local 

anesthetics, the blockade of the voltage-gated sodium channel 6. In vitro lidocaine 

has been shown to induce apoptosis, a major form of programmed cell death 10,11, 

but the underlying mechanism remains unknown. Mitochondrial injury has been 

described as one possible cause of cytotoxic effects of lidocaine in neural hybrid cell 

cultures 12 and dorsal root ganglia cells 13, but could not be linked to a specific 

pathway of apoptosis. 

Apoptosis is largely controlled by a family of aspartate-specific cysteine 

proteases, called caspases, that function as initiators and executioners of the 

apoptotic process 14. Caspases are activated by two major signaling routes, the 

extrinsic death receptor and the intrinsic mitochondrial pathway, which both depend 

on the formation of large multi-protein complexes15. Initiator caspase-8 is the key 

mediator of the extrinsic pathway 16. In a simplified model (Fig. 1), binding of death 

ligands, such as tumor necrosis factor or CD95L, to their respective death receptors 

leads to receptor oligomerization. This event then results in the recruitment of the 

adapter Fas-associated protein with death domain (FADD) and caspase-8 into a 

death-inducing signaling complex (DISC). In the DISC, the caspase-8 is activated by 

dimerization and autoproteolytic cleavage and subsequently activates caspase-3, 

resulting in the further cleavage of several cellular targets that are responsible for the 

morphological alterations of cell death.  

The intrinsic pathway, in contrast, is regulated at mitochondria, which release 

cytochrome c and other proapoptotic factors during different forms of cellular stress17-

19. The release of cytochrome c is controlled by proteins of the B-cell lymphoma 2 

(Bcl-2) protein family which are characterized by so-called Bcl-2 homology (BH) 

domains. Bcl-2 protein family members are classified into two major groups: First, the 

antiapoptotic members including the Bcl-2 protein, which inhibits mitochondrial 

membrane permeabilization and subsequent release of apoptosis-inducing proteins 

from the mitochondrion 20,21. Second, the proapoptotic members, which are further 

subdivided into the multidomain proteins, e.g. the Bcl-2-associated X protein (Bax) or 

the Bcl-2-homologous antagonist/killer (Bak), and the BH3-only proteins 20,21. Upon 
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apoptosis induction BH3-only proteins activate Bax and Bak which subsequently 

undergo a conformational change, leading to their assembly into pore-forming 

multimers at the outer mitochondrial membrane and cytochrome c release 22. In the 

cytosol, cytochrome c together with caspase-9 induces the formation of the 

apoptosome, thereby triggering the caspase cascade and subsequent apoptosis. 

Figure 1: 

 

 

 
Fig. 1. The two major pathways of apoptosis. The intrinsic or mitochondrial 
pathway of apoptosis (left side) involves mitochondrial dysfunction, release of 
cytochrome c (cyt c) and the subsequent activation of caspase-9 (casp-9) at the 
apoptosome. The antiapoptotic protein B-cell lymphoma 2 (Bcl-2) inhibits the release 
of cytochrome c from the mitochondrion.  
The extrinsic or death receptor pathway (right side) is initiated by binding of death 
ligands to their cognate death receptors and subsequent recruitment of the adapter 
protein Fas-associated protein with death domain (FADD) and caspase-8 (casp-8) 
into the death-inducing signaling complex (DISC). Both apoptosis pathways converge 
at the activation of effector caspase-3 (casp-3), which cleaves several cellular 
proteins, finally leading to the typical alterations of apoptosis such as DNA 
fragmentation. TNF-R = tumor necrosis factor receptor; Fas = fibroblast-associated 
receptor. 
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In the present study we investigated the role of the cellular anti-apoptotic protein Bcl-

2 on lidocaine-induced apoptosis. Additionally, we investigated the consequences of 

caspase-9-, caspase-8- or FADD-deficiency on lidocaine-induced apoptosis by 

determining the amount of apoptotic cells induced by lidocaine. Finally, we evaluated 

apoptosis induction at similar lidocaine concentrations and the protective effect of a 

pancaspase inhibitor in neuroblastoma cells. We hypothesized that lidocaine can 

induce apoptosis by specific activation of the mitochondrial pathway and does not 

interfere with the death receptor-mediated pathway in a human cell culture model.  

  

Material and Methods 

Reagents 

Unless stated otherwise, reagents were purchased from Sigma Aldrich (St. Louis, 

MO). Lidocaine was obtained as a hydrochloride salt in the commercially available 

20% solution (AstraZeneca, London, UK). Phosphate-buffered saline (PBS) without 

calcium and magnesium was purchased from Gibco, Invitrogen (Carlsbad, CA). The 

fluorogenic caspase-3 substrate N-acetyl-Asp-Glu-Val-Asp-aminomethyl-coumarin 

(Ac-DEVD-AMC) was obtained from BIOMOL International (Plymouth Meeting, PA). 

The fluorescent probe annexin-V-FITC conjugate was obtained from BD Biosciences 

(San Diego, CA). The fluorescent dye 5,5',6,6'-tetrachloro-1,1',3,3'-

tetraacethylbenzimidazolylcarbocyamine iodide (JC-1) and the pancaspase inhibitor 

N-(2-quinolyl)valyl-aspartyl-(2,6-difluorophenoxy)methylketone (Q-VD) were 

purchased from Calbiochem (San Diego, CA). 

The following primary antibodies were employed: mouse monoclonal anti-

human-Bcl-2 (Novocastra, Newcastle, UK), goat polyclonal anti-caspase-3 (R&D 

Systems, Minneapolis, MN), rabbit polyclonal anti-human-caspase-9 (New England 

BioLabs Inc., Beverly, MA), mouse monoclonal anti-human-caspase-8 (Cell Signaling 

Technology, Beverly, MA), polyclonal rabbit anti-human-�-actin, mouse monoclonal 

anti-human-cytochrome c and mouse monoclonal anti-tom 20 (clone 29) (BD 

Biosciences Pharmingen, Heidelberg, Germany). As secondary antibodies, goat-anti-

rabbit from Jackson Immunolab (Dianova, Hamburg, Germany), goat-anti-mouse and 

rabbit-anti-goat antibodies (Southern Biotechnology Associates, Birmingham, AL) 

conjugated to horseradish peroxidase were used. 



 22

Cell Culture  

Jurkat cells stably overexpressing Bcl-2 and the corresponding wildtype cells (clone 

J16) have been described before 23. Caspase-9-deficient (clone JMR) and -proficient 

Jurkat cells have been characterized before 24,25. FADD- and caspase-8 deficient 

Jurkat cells and the parental cell line (clone A3) were kindly provided by Professor J. 

Blenis, Ph.D. (Department of Cell Biology, Harvard Medical School, Boston, MA) 26. 

Human SHEP neuroblastoma cells have been characterized before 27,28. All cells 

lines were grown in Roswell Park Memorial Institute (RPMI) 1640 medium 

supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine and 50 

µg/mL each of penicillin and streptomycin. All cells were cultured under equal 

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

Exposure to Lidocaine and Experimental Protocol 

Prior to the experiments, cells were cultured overnight in complete medium at a 

concentration of 4 x 105
 
cells/mL to allow logarithmic growth. Subsequently, Jurkat 

cells were seeded at the appropriate density depending on assay protocol. Cells 

were cultured with either medium alone as negative control, the proapoptotic kinase 

inhibitor staurosporine as positive control or indicated concentrations of lidocaine. 

The pancaspase inhibitor Q-VD (10 µM) was added to cell cultures 1 h prior to the 

experiments. 

Cell Viability Assay 

For detection of viability the cells were adjusted to a density of 5 × 105/mL and a 

sample volume of 5 mL prior to incubation. After incubation with lidocaine for 24 h, 

cells were resuspended and 10 µl samples of each condition were stained with 90 µl 

of trypan blue solution. Cell viability was assessed immediately by estimating the 

ratio of stained and unstained cells in four fields of a Neubauer counting chamber by 

light microscopy. 

Caspase-3 Activity Assay 

For detection of caspase activity, cells were adjusted at a density of 5 × 105/mL in a 

sample volume of 15 mL and incubated with lidocaine for 24 h. Cells were then 

harvested and lysed for 20 min in a high-salt buffer containing 150 mM NaCl, 50 mM 

Tris-HCl pH 7.5, 1% NP-40 as well as 1 µM pepstatin, 0.1 µM 

phenylmethylsulphonylfluoride, 0.15 µM aprotinin and 1 µM leupeptin as protease 

inhibitors. Lysates were centrifuged at 10,000 g at 4°C for 15 min and the 
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supernatants were harvested. Samples were adjusted to an equal protein 

concentration of 1 µg/µL with lysis buffer in a volume of 50 µL and measured in 150 

µL of substrate buffer (50 mM HEPES, pH 7.3, 100 mM NaCl, 10% sucrose, 0.1% 3-

[(3-cholamidopropyl)demethyl-ammonio]-1-propanesulfonate, 10 mM dithiothreitol) 

supplemented with 50 µM of the fluorogenic caspase substrate Ac-DEVD-AMC. 

Caspase-3 activity was recorded every 10 min by measuring the release of AMC at 

440 nm in a Lambda Fluro 320 Plus fluorometer (Biotek, Bad Friedrichshall, 

Germany) at 37°C until values of the positive control reached a plateau. 

Mitochondrial Membrane Potential Assay 

The mitochondrial transmembrane potential (∆Ψm) was analyzed using the ∆Ψm-

specific stain
 
JC-1 29. In brief, after 24 h of treatment, 5 × 105

 
cells per sample were 

washed twice with cold PBS and stained for 20 min in the dark with 10 µg/mL JC-1 in 

PBS. Cells were then washed twice, resuspended in 250 µL PBS and immediately 

analyzed by fluorescence-activated cell-sorting (FACS) analysis. The loss of ∆Ψm 

was detected by an increased ratio of green and red fluorescence intensity of stained 

mitochondria 30. 

Western Blot Analysis 

Cell extracts were prepared as described above and measured for protein content 

using the bicinchoninic acid assay (Pierce, Rockford, IL). Equal amounts of protein 

(20 µg per lane) were separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis and transferred to a polyvinylidene difluoride membrane (Amersham 

Pharmacia, Piscataway, NJ) as described 31. Blotting was performed at 1 mA/cm2 for 

1 h in a transblot SD cell (Bio-Rad, Munich, Germany). The membrane was blocked 

for 2 h with 0.05% Tween-20 in PBS containing 4% bovine serum albumin and 

incubated with the primary antibodies over night at 4°C. After washing with 0.05% 

Tween-20 in PBS, the respective horseradish peroxidase-coupled secondary 

antibodies were applied for 1 h at room temperature. Finally, the membrane was 

washed in PBS with 0.05% Tween-20, and protein bands were detected using the 

enhanced chemiluminescence system (Amersham Buchler, Braunschweig, 

Germany).  

Measurement of Cytochrome C Release 

Approximately 3 × 107 cells were permeabilized for 15 min at 4°C in a buffer 

containing 50 µg/mL digitonin, 250 mM sucrose, 20 mM HEPES pH 7.4, 1.5 mM 

MgCl2, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM 
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phenylmethylsulfonyl fluoride and 2 µg/mL of each of the protease inhibitors 

aprotinin, pepstatin, and leupeptin. Samples were resuspended 20 times through a 

21 gauge injection needle in order to permeabilize the cell membranes. Cells were 

centrifuged at 1,000 g for 5 min at 4°C to remove cell nuclei. The supernatant was 

transferred to a fresh tube and centrifuged at 10,000 g for 15 min at 4°C. For 

recovery of the mitochondrial fraction the remaining pellets containing mitochondria 

were lysed using the high-salt cell lysis buffer as described above and centrifuged at 

10,000 g for 15 min at 4°C. The resulting supernatants containing the cytosolic or 

mitochondrial fractions were adjusted for equal protein concentrations and loaded 

onto a sodium dodecyl sulfate polyacrylamide gel. Detection of the translocase of 

outer mitochondrial membrane 20 (Tom 20) and cytochrome c release was 

accomplished by immunoblot analysis as described above. 

Detection of Early Apoptosis 

The fraction of cells in an early state of apoptosis was determined by staining cells 

with annexin-V and propidium iodide (PI). Annexin-V binds to phosphatidylserine that 

exposed onto the outer leaflet of the plasma membrane in early apoptosis, while PI is 

excluded by cells with intact plasma membranes. PI uptake is therefore a sign of 

necrosis, whereas cells positive for annexin-V, but negative for PI are generally 

defined as early-apoptotic 32. Briefly, to determine early apoptosis, cells were washed 

twice with cold PBS and resuspended at a concentration of 1 × 106 cells/mL in 

annexin-V binding buffer (10 mM N-[2-hydroxyethyl] piperazin-N'-

3[propansulfonicacid]/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). Cells were then 

incubated for 15 min at room temperature with 5 µL of annexin-V and 10 µL PI (20 

µg/mL) and measured with a FACScalibur (Becton Dickinson, Heidelberg, Germany) 

using CellQuest Pro software. For each measurement, at least 10,000 cells were 

analyzed. 

Statistical Analysis 

All experiments were performed at least three times. Results are expressed as 

means ± standard deviation. All calculations were performed with the SPSS program 

version 12.0 (SPSS Inc. Chicago, IL). Comparisons between groups were made by 

Mann-Whitney-U test and corrected for multiple comparisons (Bonferroni) where 

appropriate. P < 0.05 was considered significant. 
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Results 

Dose-dependent Effect of Lidocaine on Jurkat Wildtype Cells 

Lidocaine-induced cell death was determined by incubating Jurkat wildtype cells with 

increasing concentrations of lidocaine (3 mM ≈ 0.08%, 6 mM ≈ 0.18% and 10 mM ≈ 

0.27%) for 24 h. In a first set of experiments, cell death was measured by trypan blue 

staining demonstrating that lidocaine as well as the broad protein kinase inhibitor 

staurosporine which was used as a positive control led to dose-dependent induction 

of cell death (Fig. 2). Furthermore, treatment with both agents resulted in the loss of 

mitochondrial membrane potential (∆Ψm), which is one the first detectable signs of 

apoptosis. Flow cytometric analysis revealed a loss of ∆Ψm in 39.1 ± 12.2%, 84.6 ± 

15.5% and 98.8 ± 1.2% of cells treated with 3 mM, 6 mM and 10 mM lidocaine, 

respectively (Fig. 3). 

Figure 2: 

 

Fig. 2. Lidocaine-induced cell death in Bcl-2-overexpressing cells compared to 
parental wildtype cells. Jurkat wildtype cells and Jurkat cells overexpressing the B-
cell lymphoma 2 protein (Bcl-2) were treated with the indicated concentrations of 
lidocaine or 1.25 µM staurosporine (STS) as a positive control. After 24 h cell death 
was quantified by trypan blue staining. Note that Bcl-2-overexpression strongly 
protected against cell death in response to treatment with 3 mM (≈ 0.08%) and 6 mM 
(≈ 0.16%) lidocaine, whereas no protection by Bcl-2 was observed after incubation 
with 10 mM (≈ 0.27%) lidocaine. * P < 0.05, error bars indicate SD. 
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Figure 3: 
 

 
 
Fig. 3. Lidocaine induces a loss of the mitochondrial membrane potential which 
is preserved by Bcl-2. Jurkat wildtype and cells overexpressing the B-cell 
lymphoma 2 protein (Bcl-2) were treated for 24 h with 1.25 µM staurosporine (STS) 
or the indicated concentration of lidocaine. The mitochondrial membrane potential 
(∆Ψm) was measured by staining with the potentiometric dye JC-1 and subsequent 
flow cytometry. The fraction of wildtype cells with reduced ∆Ψm was dose-
dependently increased after lidocaine treatment, while ∆Ψm remained stable in Bcl-
2-overexpressing cells. In contrast, Bcl-2 did not preserve ∆Ψm after treatment with 
10 mM (≈ 0.27%) lidocaine. * P < 0.05, error bars indicate SD. 
 
 

Since activation of caspase-3 is a manifest sign of the execution phase of apoptosis, 

the activation of caspase-3 was investigated in substrate assays using the 

fluorogenic substrate Ac-DEVD-AMC. Treatment with 3 mM and 6 mM lidocaine 

increased caspase-3 activity by 9.0 and 11.6 fold compared to untreated cells (Fig. 

4). The activation of caspase-3 was confirmed by Western blot analysis detecting the 

processing and hence the proteolytic activation of caspase-3 in cells treated for 12 h 

with 3 and 6 mM lidocaine (Fig. 5A). A decrease of procaspase-9 was also detected, 

indicating an activation of caspase-9 by lidocaine (Fig. 5B). Whereas low 
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concentrations of 3 mM to 6 mM lidocaine induced these apoptotic alterations, 

caspase activation was not detected following treatment with 10 mM (Fig. 4, 5A), 

suggesting that treatment with higher concentrations of lidocaine was associated with 

necrotic cell death. 

Figure 4: 

 

 

Fig. 4. Activation of caspase-3 by lidocaine in Jurkat wildtype and Bcl-2-
overexpressing cells. Caspase-3 activity was measured in cell lysates after 12 h of 
treatment with 1.25 µM staurosporine (STS) or the indicated concentrations of 
lidocaine using the fluorogenic caspase substrate Ac-DEVD-AMC. Overexpression of 
the B-cell lymphoma 2 protein (Bcl-2) strongly prevented caspase-3 activation in 
response to 3 mM (≈ 0.08%) and 6 mM (≈ 0.16%) lidocaine. Note that after treatment 
with 10 mM (≈ 0.27%) lidocaine no activation of caspase-3 was detected. AFU = 
arbitrary fluorescence units; * P < 0.05, error bars indicate SD. 
 

 In addition to caspase activation, lidocaine induced the proapoptotic release of 

cytochrome c from mitochondria. Cell fractionation revealed the release of 

mitochondrial cytochrome c into the cytosol, which was strongly pronounced after 

treatment with 3 and 6 mM, but less evident at 10 mM lidocaine (Fig. 5E).  
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Figure 5: 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (A-D) Western blot analysis of caspase activation in different Jurkat cell clones 
after treatment with lidocaine. (A) Jurkat wildtype cells, Jurkat cells overexpressing the B-
cell lymphoma 2 protein (Bcl-2) and (B) cells deficient of either caspase-9, (C) caspase-8 or 
(D) Fas-associated protein with death domain (FADD) were treated with 1.25 µM 
staurosporine (STS) or the indicated concentrations of lidocaine. After 12 h cell lysates 
prepared and subjected to Western blot analysis using antibodies against caspase-8, 
caspase-9, Bcl-2 or the cleaved active form of caspase-3 (act. caspase-3). Analysis of actin 
expression served as a loading control. Caspase-3 activation was detected after treatment 
with 3 mM (≈ 0.08%) and 6 mM (≈ 0.16%) lidocaine in Jurkat wildtype cells, but neither in 
Bcl-2-overexpressing (A) nor in caspase-9-deficient cells (B). In contrast, caspase-3 
activation was not compromised in Jurkat cells deficient of caspase-8 (C) or FADD (D) as 
compared to wildtype cells. Treatment with 10mM (≈ 0.27%) lidocaine led to no detectable 
caspases-3 activation, indicating necrotic cell death.  
(E) Lidocaine treatment triggers the mitochondrial release of cytochrome c release. 
Parental Jurkat cells were treated with 1.25 µM staurosporine (STS) or the indicated 
concentrations of lidocaine. After 12 h mitochondrial and cytosolic fractions were prepared 
and analyzed for cytochrome c content using Western blot analysis. Detection of the 
translocase of outer mitochondrial membrane 20 (Tom 20) confirmed the purity of the 
mitochondrial and cytosolic fractions. Release of mitochondrial cytochrome c into the cytosol 
was strongly pronounced after treatment with 3 mM and 6 mM, but less evident at 10 mM 
lidocaine. 
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Another apoptotic feature is the exposure of phosphatidylserine onto the outer leaflet 

of a still preserved plasma membrane, which can be measured by double staining 

with annexin-V and PI. Apoptotic cells that were positive for annexin-V, but negative 

for PI uptake were found after treatment with 3 and 6 mM lidocaine within 2 h to more 

than 24 h. The highest fraction of early apoptotic cells (20.7 ± 2.9%) was detected 

after 12 h of treatment with 6 mM lidocaine and comparable to the result obtained 

with staurosporine (Fig. 6). Treatment with 10 mM lidocaine did not increase early 

apoptosis but resulted in elevated necrosis, as indicated by 93.8 ± 5.2% of cells 

double-positive for annexin-V and PI after 12 h (Fig. 6). 

Figure 6: 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Lidocaine-induced apoptosis is abolished by a blockade of the 
mitochondrial pathway. Wildtype (wt), B-cell lymphoma 2 protein-overexpressing 
(Bcl-2) or caspase-9-deficient (casp-9-) cells were treated for 12 h with staurosporine 
(STS) or lidocaine in concentrations indicated. Early apoptosis was measured by flow 
cytometric staining with annexin-V to detect phosphatidylserine exposure. 
Counterstaining with propidium iodide (PI) was used to detect dead cells undergoing 
primary or secondary necrosis. Inhibition of the mitochondrial pathway by Bcl-2-
overexpression or caspase-9-deficiency reduced the fraction of early apoptotic 
(annexin-V positive, PI negative) cells after treatment with 3 and 6 mM lidocaine and 
1.25 µM staurosporine (STS). The fraction of cells undergoing a late phase of cell 
death (annexin-V and PI positive cells) was also significantly reduced (P < 0.05). 
Inhibition of the mitochondrial pathway, however, did not prevent cell death induced 
by 10 mM lidocaine, which was largely necrotic and observed in more than 90% of 
the cells. * P < 0.05, error bars indicate SD. 
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Lidocaine-induced Apoptosis is Inhibited by Bcl-2  

The mitochondrial release of cytochrome c can be inhibited by anti-apoptotic Bcl-2 

proteins. Indeed, Bcl-2-overexpressing Jurkat cells displayed significantly increased 

survival after treatment with staurosporine or 3 mM and 6 mM lidocaine compared to 

parental cells. In contrast, no differences were found after treatment with 10 mM 

lidocaine, resulting in approximately 90% of cell death in both the parental and the 

Bcl-2-overexpressing cell line (Fig. 2). Bcl-2-overexpression did not only preserve cell 

viability, but also retained the mitochondrial membrane potential after treatment with 

3 mM and 6 mM of lidocaine, while 10 mM lidocaine reduced ∆Ψm in almost all cells 

(97.7 ± 2.3%; Fig. 3). Caspase-3 proteolytic activity after exposure to 3 and 6 mM 

lidocaine was also reduced compared to wildtype cells, whereas no caspase activity 

was detected in both cell lines following incubation with 10 mM lidocaine (Fig. 4). 

Furthermore, Western blot analysis confirmed reduced caspase-3 activation in Bcl-2-

overexpressing cells compared to the parental cells in response to staurosporine and 

lidocaine (Fig. 5A). After treatment with 3 mM and 6 mM lidocaine for 12 h, 

overexpression of Bcl-2 reduced the fraction of early apoptotic cells as well as the 

overall fraction of dead cells. In Bcl-2-overexpressing cells exposed to 10 mM 

lidocaine the fraction of early apoptotic cells was not higher than in untreated controls 

(Fig. 6), while the overall fraction of dead cells reached 97.0 ± 2.5%, again indicating 

a non-apoptotic form of cell death. 

Caspase-9-deficient Cells are Protected against Lidocaine-induced Apoptosis 

Caspase-9 is the essential initiator caspase in mitochondrial death pathway. Similar 

to Bcl-2-overexpressing cells, caspase-9-deficient Jurkat cells showed a strongly 

reduced activation of caspase-3 (Fig. 5B). The fraction of early apoptotic cells and 

the overall occurrence of cell death were significantly lower than in the parental 

caspase-9 proficient cells (Fig. 6). Treatment with 10 mM lidocaine did not increase 

the proportion of early apoptotic cells, but led to a fraction of dead cells comparable 

to wildtype cells, while no caspase-3 activation was detected (Fig. 5B, 6). The degree 

of protection against lidocaine-induced apoptosis in caspase-9 deficient cells was 

comparable to the effect of Bcl-2-overexpression. 

Lidocaine-induced Apoptosis is Unaltered by Deficiency of Caspase-8 or FADD 

The death receptor pathway is triggered by the recruitment of the adapter protein 

FADD and caspase-8. In caspase-8-deficient Jurkat cells no change in fraction of 
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early apoptotic cells or overall cell death occurred after treatment with lidocaine at 3 

mM, 6 mM and 10 mM compared to wildtype cells (Fig. 7). Similarly, Western blot 

analysis revealed an equal amount of active caspase-3 when compared to the 

parental cells (Fig. 5C). Thus, deficiency of the crucial initiator caspase-8 did not lead 

to a detectable difference in lidocaine-induced apoptosis or overall cell death. Similar 

to caspase-8 deficient cells, also FADD-deficient Jurkat cells were not protected 

against the proapoptotic effects of lidocaine. Compared to the parental cells, in 

FADD-deficient cells no change in early apoptosis or overall cell death was observed 

after treatment with 3 mM, 6 mM and 10 mM lidocaine (Fig. 7). Also Western blot 

analysis revealed an equal amount of activated caspase-3 (Fig. 5D) when compared 

to wildtype cells. Thus, a defective death receptor pathway does not comprise the 

proapoptotic effects of lidocaine. 

Figure 7:  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Lidocaine-induced apoptosis is not mediated by death receptor 
signaling. Wildtype (wt), caspase-8-deficient (casp-8-) or Fas-associated protein with 
death domain (FADD) deficient Jurkat cells (FADD-) were treated for 12 h with 
staurosporine (STS) or lidocaine in concentrations indicated. Early apoptosis was 
measured by flow cytometric staining with annexin-V to detect phosphatidylserine 
exposure. Counterstaining with propidium iodide (PI) was used to detect dead cells 
undergoing primary or secondary necrosis. The results show that inhibition of the 
death receptor pathway by caspase-8 or FADD deficiency did alter neither early 
apoptosis (annexin-V positive, but PI negative cells) nor later states of cell death 
(annexin-V and PI positive cells) as compared to wildtype cells. Treatment with 10 
mM lidocaine did not induce significant apoptosis but resulted in more than 90% of 
necrotic cell death in all Jurkat cell lines. Error bars indicate SD. 
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Dose-dependent Effect of Lidocaine on Neuroblastoma Cells 

To investigate whether lidocaine exerts similar effects in neuronal cells, we further 

used SHEP neuroblastoma cells. In these cells, lidocaine induced apoptosis at 

similar concentrations. Addition of the pancaspase inhibitor Q-VD protected the cells 

exposed to lidocaine at concentrations of up to 12 mM ≈ 0.32% (Fig. 8A), indicating 

that also in neuroblastoma cells lidocaine triggered caspase-dependent apoptosis. At 

higher concentrations (14 mM ≈ 0.38%) treatment with Q-VD did not enhance cell 

viability, suggesting that at these concentrations lidocaine induced necrosis. Western 

blot analysis revealed that exposure of neuroblastoma cells to lidocaine led to dose-

dependent caspase-3 activation and a concomitant loss of the proform of caspase-9 

(Fig. 8B). In contrast, a slight decrease of the proform of caspase-8 was observed at 

concentration inducing necrosis (14 mM). Thus, these results indicate that caspase 

activation and apoptosis in response to lidocaine are not restricted to Jurkat T-

lymphoma cells, but also mediated via the mitochondrial pathway in neuroblastoma 

cells. Moreover, also in neuroblastoma cells high concentrations of lidocaine induce a 

switch in the form of cell death from apoptosis to caspase-independent necrosis. 
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Figure 8: 

 

 

Fig. 8. Lidocaine-induced apoptosis and caspase activation in neuroblastoma cells. (A) 
Human SHEP neuroblastoma cells were incubated with 0.125 µM staurosporine (STS) or the 
indicated concentrations of lidocaine in the presence (+) or the absence (-) of the 
pancaspase inhibitor Q-VD (10 µM). After 12 h cell death was measured by annexin-V and 
propidium iodide staining (PI). The results show that caspase inhibition strongly ameliorated 
cell death after exposure to lidocaine (6-12 mM), but not at higher concentrations that 
predominantly induced necrosis. * P < 0.05, error bars indicate SD. (B) SHEP neuroblastoma 
cells were incubated for 12 h with lidocaine and two concentrations of STS (left lane: 0.5 µM, 
right lane: 0.25 µM). The proteolytically processed active form of caspase-3 (act. caspase-3) 
was detected after treatment with 6 to 12 mM lidocaine. At these concentrations lidocaine 
diminished also procaspase-9, whereas procaspase-8 remained largely unchanged. 

-   +      -  +   -   +       -   +      -   +   -   +       -   +  
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Discussion 

Our results indicate that lidocaine in concentrations as measured intrathecally after 

spinal anesthesia 33 induces apoptosis that can be inhibited by overexpression of the 

cellular anti-apoptotic protein Bcl-2 or by caspase-9-deficiency. Furthermore, at 

higher concentrations lidocaine leads to non-apoptotic cell death, which is not 

ameliorated by overexpression of Bcl-2 or caspase-9-deficiency or addition of a 

pancaspase inhibitor. Lack of crucial components of the death receptor pathway, 

namely caspase-8 and FADD, had no effect on apoptosis induction by lidocaine.  

Although a Cochrane analysis discouraged the intrathecal use of lidocaine 2, it 

is still widely used for short-lasting regional anesthesia. Recent publications 

demonstrated that lidocaine and other local anesthetics can induce apoptosis in 

neuronal and non-neuronal cells 10-12,34-40. Nevertheless, the mechanism by which 

lidocaine induces apoptosis is poorly understood. To delineate the molecular 

pathway of lidocaine-triggered apoptosis, we used human cells with genetic 

alterations of essential regulators of the two major apoptotic pathways, including Bcl-

2 and FADD as well caspase-8 and -9. This is a methodological advantage compared 

to studies using only pancaspase inhibitors 12,37, which mitigate apoptotic pathways 

but not always improve cell survival 41. Furthermore, the selectivity of pharmaceutical 

inhibitors is often questionable, whereas the selectivity of genetic engineering with 

overexpression or absence of one distinct protein is well defined. 

We demonstrate that lidocaine induces apoptosis at concentrations which 

have been measured in the cerebrospinal fluid after spinal anesthesia 33. Although 

these concentrations occur only transiently after single shot spinal anesthesia and 

not over 12-24 h as in our experiments, maldistribution of lidocaine especially after 

continuous spinal anesthesia has been accused to cause neurologic dysfunction in 

patients 42.  

At first glance it may be surprising, that the mechanism of toxicity switches 

from apoptosis to necrosis within a narrow range of concentrations. Nevertheless, 

this observation is not unusual, as strong noxious insults more likely result in necrotic 

rather than apoptotic cell death 43. Therefore, at higher concentrations lidocaine 

triggers necrosis which may be caused by alterations in ion fluxes, loss of membrane 

integrity or other cellular events. Furthermore, since local anesthetics in equal 

concentrations interfere with the mitochondrial energy production 44, one may 
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speculate that higher concentrations deplete cellular ATP which is required for the 

execution of apoptosis. 

The present results with genetically engineered cells clearly demonstrate that 

the mitochondrial pathway is responsible for lidocaine-induced apoptosis. First, the 

protective effect of the antiapoptotic protein Bcl-2 proved the role of mitochondria for 

apoptosis induction, whereas a loss of ∆Ψm is not only restricted to apoptosis but 

also occurs during necrosis. This is for instance evidenced by the fact that high 

concentrations of lidocaine failed to induce apoptotic caspase activation, although a 

loss of ∆Ψm was observed (Fig. 3). Therefore the mitochondrial membrane 

depolarization observed in studies with neuronal hybrid cells 12 and dorsal root 

ganglia cells 13,39 does not provide unequivocal evidence for the occurrence of 

apoptosis in response to lidocaine treatment. In accordance with our results, Bcl-2-

overexpression was reported to decrease the toxic effects of ropivacaine in human 

keratinocytes, although in this study apoptosis was only detected by semiquantitative 

analysis of the loss of procaspase-3 34. Secondly, our results with cells deficient for 

distinct initiator caspases also identified the mitochondrial pathway as responsible for 

lidocaine-induced apoptosis and excluded an involvement of the death receptor 

pathway.  

Beyond the results of Johnson et al. demonstrating a reduced neurotoxicity 

with a broad pancaspase inhibitor 12, we deciphered the pathways of lidocaine-

induced apoptosis by employing cells with deficiencies in the two crucial initiator 

caspases including caspase-8 and -9 that are indispensable for death receptor and 

mitochondrial apoptosis pathways, respectively. Experiments with these cells clearly 

demonstrate that lidocaine-induced apoptosis is mediated by the mitochondrial 

pathway independently of death receptors. Furthermore, the selective decrease of 

procaspase-9 in neuroblastoma cells also suggests that neuronal apoptosis is 

mediated via the mitochondrial pathway. 

Some studies have attributed the cytotoxicity of local anesthetics to an 

unspecific membrane effect of a detergent 38,45. However, our finding that distinct 

alterations of apoptotic proteins such as Bcl-2 and caspase-9 considerably decrease 

apoptosis argue against a detergent-like effect of lidocaine as the principal cause of 

apoptosis induction. Nevertheless, it is conceivable that higher concentrations of 

lidocaine, which induce necrosis, might be caused by such a more unspecific effect. 
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Nevertheless, cellular stress may trigger the death receptor pathway by 

induction of death ligand expression. Recently, it has been proposed that general 

anesthetics can lead to neuronal apoptosis in the developing rat brain via the intrinsic 

and extrinsic apoptotic pathways 46. In contrast to general anesthetics, we have 

deciphered that lidocaine as a local anesthetic induces apoptosis clearly independent 

of the extrinsic pathway. 

In conclusion, our results demonstrate that lidocaine induces apoptosis at 

concentrations that have been measured intrathecally after spinal anesthesia, 

whereas higher concentrations predominantly induce necrosis. Lidocaine-induced 

apoptosis is mediated via the mitochondrial pathway of apoptosis and is independent 

of caspase-8 and FADD, mediators of the death receptor pathway. 
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Abstract 

Background: Local anaesthetics are known to induce apoptosis in clinically relevant 

concentrations. Hitherto it is unknown what determines the apoptotic potency of local 

anaesthetics. Therefore, we compared apoptosis induction by local anaesthetics 

related to their physicochemical properties in human neuronal cells. 

Methods: Neuroblastoma cells (SHEP) were incubated with eight local anaesthetics, 

two of the ester- and six of the amide-type. At least five concentrations of each local 

anaesthetic were evaluated. After incubation for 24 h, rates of cells in early apoptotic 

stages and overall cell death were evaluated by annexin V and 7-amino-actinomycin 

D double staining flowcytometrically. The concentrations that led to half-maximal 

neurotoxic effects (LD50) were calculated and compared for all local anaesthetics.  

Results: All local anaesthetics were neurotoxic in a concentration-dependent 

manner. All drugs induced similar rates of early apoptotic cell formation at low 

concentrations, whereas at high concentrations late apoptotic or necrotic cell death 

predominated. Comparison of LD50-values of the different local anaesthetics resulted 

in the following order of apoptotic potency from high to low toxicity: Tetracaine > 

bupivacaine > prilocaine = mepivacaine = ropivacaine > lidocaine > procaine = 

articaine. The toxicity correlated with octanol/buffer coefficients as well as with 

experimental potency of the local anaesthetic, but was unrelated to the structure 

(ester- or amide-type). 

Conclusions: All commonly used local anaesthetics induce neuronal apoptosis in 

clinically used concentrations. The neurotoxicity correlates with lipid solubility and 

thus with the conduction blocking potency of the local anaesthetic, but is independent 

of the chemical class (ester/amide). 
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Local neurotoxicity after neuraxial application of local anaesthetics is rare. 

Nevertheless, it is a severe problem when it occurs. Clinical profiles of neurotoxicity 

have been based on the reported incidence of cauda equina syndrome or transient 

neurologic syndrome (TNS) after spinal anaesthesia.1-3 Clinically, lidocaine is the 

local anaesthetic which has most often been linked to local neurotoxicity, although 

incidental neuronal damage has been described for other local anaesthetics as well. 

In animal studies neurotoxicity of many local anaesthetics has been demonstrated.5-9 

Experimental evidence suggests that the mechanism of local anaesthetics-induced 

neurotoxicity is unrelated to the blockade of the voltage-gated sodium channel or 

electrical inactivation of a nerve.8 10 Comparison of the neurotoxic potency 

(concentration-dependency) for different local anaesthetics is difficult in animals for 

biometric reasons. 

Local anaesthetics induce elevations of intracellular calcium concentration through 

external influx or release from intracellular stores.11-13 Furthermore, local 

anaesthetics activate certain kinases and inhibit the energy production in the 

mitochondria.14-19 In this process apoptosis has been shown to be one mechanism of 

neurotoxicity in-vitro, especially in marginally toxic concentrations.20-23 Recent studies 

have delineated the subcellular mechanism of apoptosis induction by local 

anaesthetics in neuronal cell cultures.23 24 Hence, this model seems suitable for the 

investigation of the neurotoxic and neuroapoptotic potential of different local 

anaesthetics. 

The investigation of the toxicity of different local anaesthetics may help to evaluate 

which properties of local anaesthetics are responsible for their toxic effects. Does the 

chemical structure, i.e. ester- or amide-type, influence their toxicity? Ester-type local 

anaesthetics have been considered to be somewhat more neurotoxic in comparison 

to amides.11 25 Are there certain physicochemical properties that determine the toxic 

potential of a local anaesthetic like lipophilicity, pka-value, protein binding or 

molecular weight?  

Therefore, we compared the concentration-dependent neuroapoptotic and neurotoxic 

potencies of the amide-type local anaesthetics bupivacaine, lidocaine, mepivacaine, 

prilocaine and ropivacaine as well as the ester type local anaesthetics procaine and 

tetracaine in our human neuronal cell culture model. 
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Methods 

Reagents 

Unless stated otherwise, reagents were purchased from Sigma Aldrich (St. Louis, 

MO, USA). All local anaesthetics were obtained in the highest commercially available 

concentration as their hydrochloride salts. Bupivacaine, lidocaine, mepivacaine and 

prilocaine were obtained from AstraZeneca (London, United Kingdom). Procaine was 

purchased from Jenapharm (Jena, Germany), while articaine and tetracaine were 

acquired from Sanofi Aventis (Paris, France). None of the commercially available 

solutions contained conservatives. Ropivacaine was kindly provided by AstraZeneca, 

Research and Development (Södertälje, Sweden). Phosphate-buffered saline (PBS) 

without calcium and magnesium was purchased from Gibco, Invitrogen (Carlsbad, 

CA, USA).  

Cell Culture 

Human neuroblastoma cells (SHEP) are a subclone derived from the human 

neuroblastoma cell line SK-N-SH and have been characterized before.26-28 All cells 

lines were grown in Roswell Park Memorial Institute (RPMI) 1640 medium with L-

glutamine, supplemented with 10% heat-inactivated foetal calf serum and 50 µg ml-1 

each of penicillin and streptomycin. All cells were cultured under equal conditions 

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

Exposure to Local Anaesthetics and Experimental Protocol 

Prior to the experiments, cells were cultured overnight in complete medium at a 

density of 4 x 105
 
cells ml-1 to allow logarithmic growth. Adherent cells were cultured 

in 3 ml samples with fresh medium alone as negative control, or one added local 

anaesthetic for 24 h at concentrations as indicated. Addition of local anaesthetics did 

not alter the pH value of the medium (7.39, range 7.35-7.43) 

Apoptosis Detection Assay 

The fraction of cells in an early state of apoptosis was determined by staining cells 

with fluorescein isothiocyanate conjugated (FITC) annexin V and counterstaining with 

7-amino-actinomycin D (7-AAD). Annexin V binds to phosphatidylserine on the outer 

leaflet of the plasma membrane. 7-AAD is excluded by cells with intact membranes. 

Therefore, 7-AAD staining reveals membrane disintegration and is a marker for 

primary or secondary necrotic cell death. Cells staining with annexin V – FITC (below 

referred to as annexin V), but not with 7-AAD are defined as early-apoptotic.29 Briefly, 
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for annexin V / 7-AAD staining, cell culture medium including detached cells was 

transferred from sample wells to analyzing tubes. Adherent cells were trypsinized for 

3 min with 1.5 ml 0.05% trypsin with 1 mM EDTA per sample. Detached cells were 

added to corresponding analyzing tubes to pool all cells from each sample. 

Subsequently, cells were washed twice with cold PBS and resuspended in 97 µl 

annexin binding buffer (10 mM N-[2-hydroxyethyl]piperazin-N'-

3[propansulfonicacid]/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a 

concentration of 1 × 106 cells ml-1. Next, 5 µl of annexin V – FITC and 2 µl 7-AAD (50 

µg ml-1) were added and samples were incubated for 15 min in the dark at room 

temperature. Subsequently, 150 µl of annexin binding puffer were added, cells 

resuspended and analyzed immediately. 

All FACS (fluorescence-activated cell sorting) analyses were performed on a 

FACScalibur (Becton Dickinson, Franklin Lakes, NJ, USA) using CellQuest analysis 

software (BD Biosciences, Franklin Lake, NJ, USA). For each determination, a 

minimum of 10,000 cells were analyzed.  

Statistical Analysis 

All experiments were performed at least in triplicate. Results are expressed as means 

(standard deviation). All calculations were made with the SPSS program version 15.0 

(SPSS Inc. Chicago, IL, USA). Concentration-response curves of the different local 

anaesthetics were determined by probit regression under the guidance of our 

statistics department. The LD50 were obtained from probit analysis and compared by 

means of analysis of variance (ANOVA) with Tukey´s post hoc test. Correlations 

between LD50 values with lipid solubility, pKa, blocking potency, nonionized fraction, 

protein binding, molecular weight and experimental blocking potency were made by 

means of Spearman’s rank correlation test. P < 0.05 was considered significant. 
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Results 

Concentrations of local anaesthetics inducing cell death in less than 50% of analyzed 

cells resulted in a considerable fraction of cell staining positive for annexin V only. 

This indicates an early stage of apoptosis in at least a fraction of the analyzed cells. 

Nevertheless, also at these concentrations cells staining positive for annexin V 

staining and 7-AAD were present (Fig. 1) indicating late apoptosis or necrosis.  

Figure 1:  

 

 

 

 

 

 

Fig 1 Flowcytometric analysis of 
neuroblastoma cells incubated for 
24 h with investigated local 
anaesthetics. Dot plots represent 
typical results after incubation 
with medium alone (control), 
lidocaine, bupivacaine or 
tetracaine. Intensity of red 
fluorescence by 7-AAD stained 
cells is indicated on the ordinate, 
while intensity of green 
fluorescence emerging from cell-
bound annexin V - FITC is 
indicated on the abscissa. 
Unstained and therefore vital 
cells lead to a population of dots 
in the lower left quadrants as in 
controls. Cells in the lower right 
quadrants are stained positive for 
annexin V – FITC only and are 
therefore in an early apoptotic 
stage, while cells in the upper 
right quadrants were stained 
positive for annexin V - FITC and 
7-AAD indicating late apoptosis 
or primary necrosis. Note that 
vital cells and early apoptotic 
cells can be found at lower 
concentrations of all local 
anaesthetics, while at high 
concentrations almost all cells 
show signs of lost cell membrane 
integrity.  
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Higher concentrations (leading to cell death in more than 50% of analyzed cells) of all 

investigated local anaesthetics led to increased fractions of cell staining positive both 

for annexin V and 7-AAD. This indicates a late stage of apoptosis or primary 

necrosis. Thus, all investigated local anaesthetics induced cell death in a 

concentration-dependent manner (Fig. 2). The toxic concentrations inducing early 

stages of apoptosis and late stages of cell death varied over a wide range (almost 

hundredfold) for the different local anaesthetics.  

Figure 2: 

 

Fig 2 Concentration-dependent in vitro neurotoxicity of local anaesthetics. Sigmoid 
shaped curves for concentration-response relationship were calculated by probit 
regression analysis using the results from triplicate experiments with five different 
concentrations of each local anaesthetic. Single symbols represent results from 
single experiments.  
 

 

 In order to compare the toxicity of all eight local anaesthetics, the 

concentration-toxicity functions derived from regression analysis were used to 

calculate the concentrations that induced approximately 50% overall cell death 

(LD50). Overall cell death was defined as the sum of cells staining positive for annexin 

V only and cells staining positive for annexin V and 7-AAD. The different LD50 -values 

are displayed in figure 3. Overall ANOVA of LD50-values revealed significant 

differences between the eight local anaesthetics (P < 0.001). Tukey´s post-hoc-test 

comparison yielded the following order of toxicity: Tetracaine > bupivacaine > 

prilocaine = mepivacaine = ropivacaine > lidocaine > procaine = articaine (P < 0.05). 

 In order to identify factors affecting toxicity, the LD50-values were correlated to 

a number of known physicochemical properties as displayed in table 1. LD50-values 

correlated well with octanol/buffer distribution coefficients. Spearman’s rank 

correlation coefficient was - 0.88 (P < 0.01), i.e. the higher the LA solubility in oil, the 
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lower was the observed toxic concentration. In contrast LD50-values did not correlate 

with pka-values, fraction of nonionized local anaesthetic or protein binding. Finally, 

LD50-values correlated positively with experimental effective anaesthetic 

concentrations (correlation coefficient: 0.81, P < 0.05).30-33 

 

Fig 3 Half-maximal neurotoxic concentrations (LD50) of investigated local 
anaesthetics. LD50-values were calculated from probit analysis and are mean (SD).  
Note that not only the LD50-values of two local anaesthetics adjacent to a significance 
sign were different, but also LD50-values of all local anaesthetics on different sides of 
a significance sign. E.g. the LD50-value of lidocaine was significantly higher than the 
values for mepivacaine, ropivacaine, prilocaine, bupivacaine and tetracaine. 
Furthermore, this value was significantly lower than that of procaine or articaine. 
ANOVA with Tukey´s post-hoc test. * P < 0.05; ** P < 0.01 

Table 1 Correlation between physicochemical properties and toxicity of local anaesthetics. 
Concentrations of local anaesthetics (mM and % solution of hydrochloride salts) leading to half-
maximal neurotoxic effects (LD50) after 24 h of incubation were calculated by probit regression 
analysis of concentration-response relationship experiments in SHEP neuroblastoma cells. Values are 
mean (SD).Partition coefficients (O/B PQ) with h-octanol/buffer at pH 7.4 and 25°C,31-33

 ionisation 
constants (pKa),30, 32-33

 unionised fractions at pH 7.4  (LA b pH 7.4),30, 32-33
 protein binding (PB),30, 32-33

molecular weight (MW) of the local anaesthetics’ base in Dalton units31-33 and relative experimentally 
effective anaesthetic concentrations (EAC) from rat sciatic nerve blocking procedures31-33 were used to 
calculate Spearman’s rank correlation coefficients  (Spearman’s ρ). 

 LD50  
(mM) 

LD50  
(%) 

O/B PQ pKa LA b  
pH 7.4 

(%) 

PB 
(%) 

MW 
(Da) 

EAC 

Tetracaine 0.37 (0.08) 0.011 221 8.5 7 76 264 0.25 

Bupivacaine 1.73 (0.12) 0.056 346 8.1 15 95 288 0.25 

Prilocaine 3.85 (0.53) 0.099 25 7.9 24 55 220 1 

Ropivacaine 4.32 (0.28) 0.134 115 8.1 15 94 274 0.5 

Mepivacaine 4.37 (0.65) 0.123 21 7.6 39 77 246 1 

Lidocaine 9.23 (0.74) 0.249 2.4 7.9 25 64 234 1 

Procaine 13.14 (0.93) 0.358 1.7 8.9 3 6 236 2 

Articaine 13.43 (3.66) 0.480 17 7.8 28 70 321 1 

Spearman’s 
coefficient 

  - 0.88 - 0.33 0.36 - 0.47 0.02 0.81 

P  Values   < 0.01 0.43 0.38 0.23 0.96 < 0.05 
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 The percentage of early apoptosis (Annexin V+, 7-AAD-) of all cells firstly 

increased in a concentration-dependent manner, reaching a maximum with LA 

concentrations well below the LD50-values (Fig. 4). The highest percentage of cell 

death by early apoptosis varied between the different local anaesthetics between 14 

and 28% after 24 h of incubation. With a further increase in concentration the 

percentage of early apoptotic cell formation decreased and returned to baseline for 

almost all local anaesthetics (Fig. 4).  

 

Figure 4: 

 

Fig 4 Concentration-dependent induction of early apoptotic cells. The fractions of 
cells undergoing an early stage of apoptosis were identified by positive annexin V - 
FITC and negative 7-AAD staining after 24 h incubation with the different investigated 
local anaesthetics. Note that induction of early apoptosis increases within the first 
three concentrations of each local anaesthetic and at higher concentrations the 
fraction of cells with signs of early apoptosis decrease again revealing a change in 
the mechanism of cell death from apoptosis to necrosis. 
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Discussion 

All local anaesthetics investigated were neurotoxic at concentrations observed 

intrathecally after spinal anaesthesia. They induced in a concentration-dependent 

manner first apoptotic and with higher concentrations necrotic cell death. The toxicity 

of the local anaesthetics correlated with their octanol/buffer partition coefficient and 

thus their relative clinical potency.  

Several publications demonstrated that lidocaine and other local anaesthetics 

can induce apoptosis in neuronal and non-neuronal cells.14 15 20-22 37-41 Most of these 

studies investigated one drug only.14 21 22 37-41 Therefore, toxic potency of various 

local anaesthetics from different models cannot be compared for methodological 

reasons. Boselli and co-workers compared the toxic and apoptotic potential of 

lidocaine and ropivacaine in human lymphocytes.20 Unfortunately, in these studies 

only one concentration of lidocaine and a different - not equipotent - concentration of 

ropivacaine were investigated. These shortcomings are discussed by the authors 

themselves and they advocate studies with more concentrations and local 

anaesthetics in human neuronal cell lines, as presented here. 

More recently, Perez-Castro and co-workers compared the cytotoxic effects of 

short-time (10 min) exposure with procaine, mepivacaine, lidocaine, chloroprocaine, 

ropivacaine and bupivacaine in human SH-SY5Y neuroblastoma cells and found the 

same order of toxicity as seen in the data presented here.42 In contrast to the results 

presented here, they found apoptosis (non-quantitative caspase activation) only after 

exposure to high concentrations of lidocaine and bupivacaine, respectively. Probably 

exposure to very high concentrations for a very short time leads to a greater 

predominance of necrotic cell death, whereas during long-time exposure of neurons 

apoptosis is one major mechanism of cell death.     

Lirk and colleagues compared the neurotoxic potentials of lidocaine, 

bupivacaine and ropivacaine in equipotent concentrations in primary cell cultures of 

rat dorsal root ganglia.15 They evaluated their blocking potential on voltage-gated 

sodium channels NaV1.1-3 and NaV1.6 in rat pituitary cells. Then they applied one 

equipotent concentration of each of the three local anaesthetics on primary cell 

cultures of rat dorsal root ganglia for 24 h. In these equipotent concentrations the 

percentage of cell death did not differ between the three local anaesthetics. Although 

they compared only one concentration of three different local anaesthetics, their 
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results are reconfirmed and generalized to more local anaesthetics through the 

results of the present study. 

The concentrations of local anaesthetics that induced apoptosis in our model 

are within the same range as those observed intrathecally after single-shot spinal 

anaesthesia in primates and in sciatic nerves of rodents during nerve blockade.31, 

Therefore, the concentrations inducing neurotoxicity may be reached clinically.36 

However, after a single-shot spinal anaesthesia or peripheral nerve block these 

concentrations are only reached for about one hour, whereas in the presented cell 

culture model the concentration was kept constant for 24 h. It is well known that 

beyond the concentration, the time of exposure to a local anaesthetic is important for 

the development of neurotoxicity, therefore neurotoxicity after single application is a 

rare complication clinically. Thus, intraneural injection of lidocaine 2% (≈ 78 mM) for 

single shot sciatic nerve block did not lead to any functional nerve damage, although 

this concentration is more than eight times the here observed LD50 concentration.43  

Although we used human tumour cells which might generally be resistant to 

apoptosis induction, they were actually more sensitive to apoptosis induced by local 

anaesthetics than primary rodent dorsal root cell cultures and hybrid immortalized 

dorsal root ganglia.15 21 Obviously, the cell culture model used for the presented study 

has several limitations in translating data to the in vivo situation: Human SHEP 

neuroblastoma cells are growing and dividing during the local anaesthetic exposure 

rather than being mature terminally differentiated neurons. They are derived from 

malignant neural crest cells which would ordinarily differentiate into the sympathetic 

chain, adrenals or dorsal root ganglia. Nevertheless, despite those limitations our 

model of a human neuronal cell line seems even more sensitive in detecting minor 

differences between different local anaesthetics compared to in vivo studies. 

Older animal studies compared also the neurotoxic, but not the apoptotic 

potency of different local anaesthetics.5 6 8 48 For biometric reasons no study 

compared a wide range of local anaesthetics in varying concentrations. Nevertheless, 

a few studies compared different local anaesthetics in equipotent concentrations. 

Myers and colleagues investigated the effect of 2-chloro-procaine, tetracaine, 

lidocaine and bupivacaine in high concentrations on the sciatic nerve of rats.5 All 

drugs induced swelling, but 2-chloro-procaine and tetracaine significantly more than 

lidocaine or bupivacaine. However, the authors compared the effects of the different 

local anaesthetics with only one concentration, thus equipotency could not be 
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ensured. The same group investigated the blocking and toxic concentrations of 

etidocaine, lidocaine, 2-chloroprocaine and procaine on the sciatic nerve of rats two 

days after a single-shot injection. They found a perfect correlation between nerve 

blocking concentrations and toxic concentrations.49 Unfortunately, they instituted only 

two commonly used drugs. Nevertheless, their findings regarding procaine and 

lidocaine are in accordance with the data presented here.  

Sakura et al. evaluated in their model of spinal anaesthesia in rats equipotent 

concentrations of lidocaine and bupivacaine with an equal sensory deficit after 4 

days.8 In a subsequent study Sakura found an increased functional and 

morphological neurotoxicity of lidocaine in comparison to bupivacaine, probably 

because this study was more appropriately powered.50 Equally, Yamashita and 

colleagues in a similar model found bupivacaine and ropivacaine to be significantly 

less toxic then lidocaine and tetracaine.51 

 Recently, Umbrain et al. demonstrated, that intrathecal administration of 

equipotent doses levobupivacaine and lidocaine led to a release of glutamate and 

prostaglandine E2.
52 On repeated injection only lidocaine but not levobupivacaine led 

to an enhanced prostaglandin release.52 

To summarize the results of in-vivo animal studies, most of them found orders 

of toxicity in accordance with our results. The only difference is that lidocaine seems 

to be more toxic in some studies. This varying toxicity of lidocaine may be related to 

other mechanisms not detected in all models. Thus, e.g. lidocaine may release 

inflammatory substances like CGRP as recently discovered.53 When linked to the 

clinical situation, the release of inflammatory substances merely under certain 

circumstances may explain why the incidence of TNS varies within a wide range 

between 4 and 33%.1  

Astonishing is the high degree of correlation between the toxicity and 

octanol/buffer coefficient. Since the lipophilic properties of local anaesthetics 

correlate with their potency, a correlation between toxicity and potency at the sodium 

channel is obvious. That might suggest that the toxicity is mediated via the sodium 

channel. Studies inducing a long-term blockade with tetrodotoxin8 54 or functionally 

inactivating a nerve10 have shown, that a conduction block per se does not lead to 

nerve fibre degeneration. Furthermore, apoptosis induction and toxicity have also 

been shown in cells not expressing a voltage-gated sodium channel.23 37 39 40 This 

implicates, that all local anaesthetics developed on the basis of the known structures 
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neurotoxic depending on the lipophilic properties. Therefore, one may argue that we 

have to look out for local anaesthetics with a completely different structure in order to 

completely avoid this toxicity, e.g. tetrodotoxine which displays no local toxicity.8 

Disappointingly, also the structurally different tricyclic antidepressant amitriptyline 

which also inhibits the voltage-dependent sodium channel induces apoptosis and 

local neurotoxicity.55 More recently, lipophilic effects of a series of amino-amide local 

anaesthetics on human potassium channels have been reported.56 This interaction 

may also be involved in toxic actions of local anaesthetics. Thus, again the lipophilic 

properties seem to play an important role in determining the toxic potential.  

Some studies have attributed the cytotoxicity of local anesthetics and 

amitriptyline to an unspecific membrane effect as a detergent.57 58 However, these 

physicochemical effects occur with concentrations approximately 10-fold higher. 

Furthermore, findings that cells are protected against local anesthetic induced 

apoptosis by Bcl-2 overexpression, caspase-9 deficiency, caspase-inhibitors and p38 

mitogen-activated-kinase-inhibitors argue against a detergent-like effect of local 

anesthetics as the principal cause of cell death.15-17 23 59 Nevertheless, it is 

conceivable that higher concentrations of local anesthetics, which induce necrosis, 

might be caused by such a more unspecific effect. 

Since tetracaine is the most toxic of all local anaesthetics investigated here, 

one may ask whether the chemical structure (amide vs. ester type) has influence on 

the neurotoxicity. In agreement with Tan and colleagues we found that tetracaine and 

procaine, as the two ester-type local anaesthetics investigated, are at the two ends of 

the toxicity scale.14 Therefore, a possible influence of the ester-amide bond on their 

neurotoxic effects is highly unlikely. 

In conclusion, all local anaesthetics are concentration-dependent 

neuroapoptotic and neurotoxic. The toxicity correlates with the lipophilicity and 

therefore with the potency of the local anaesthetic. Ester- or amide-type local 

anaesthetics are equally neurotoxic. Thus, local neurotoxicity seems to be a universal 

phenomenon of all clinically used local anaesthetics and linked more to 

physicochemical properties than to their molecular structure. 
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Background and objectives: Local neurotoxicity of local anaesthetics (LA) is a well-

known phenomenon that is determined by lipophilicity. Recent reports have indicated 

relevance of LA-induced cytotoxicity also in non-neuronal tissues. Thus, this study re-

evaluates the role of lipophilicity for LA-induced cytotoxicity in non-neuronal cells. 

Furthermore, the toxicities of pipecoloxylidine S(-) enantiomers were investigated. 

Methods: LA-induced cytotoxicity was investigated in vitro in T-lymphoma cells 

(Jurkat). Cells were incubated with eight different LA, two of the ester- and six of the 

amide-type. Annexin V – FITC and 7-AAD double staining followed by flowcytometry 

were used to investigate the fraction of early apoptotic cells as well as the overall cell 

death. For the eight LA the concentrations leading to 50% cell death (LC50) were 

calculated and compared. In a second step we compared the toxicities of S(-) 

bupivacaine and its racemate as well as R(+) and S(-) ropivacaine. 

Results: Concentration-dependent cytotoxicity was observed for all investigated LA. 

Apoptosis was seen at low concentrations while necrosis was the cause for 

cytotoxicity at higher concentrations. LC50-values of the different LA yielded the 

following decreasing order of toxicity: Tetracaine, bupivacaine, ropivacaine, 

prilocaine, procaine, lidocaine, articaine, mepivacaine. The toxicity correlated with 

octanol/buffer partition coefficients, but was independent of the chemical type (ester- 

or amide-type). There was no effect of stereoisomerism on apoptosis and cell death. 

Conclusions: Moderate correlations for cytotoxicity with lipophilicity and clinical 

potency of LA can be found in non-neuronal cells that are lower than those previously 

reported with neuronal cells. Structural factors like ester- or amide-type or 

stereospecificity do not have any influence on cytotoxicity. Although S(-) enantiomers 

may be advantageous in regard to systemic toxicity, they have no advantage in 

regard to local cytotoxicity in vitro. 

Keywords: Toxicity, local anaesthetics, apoptosis, enantiomerism, stereospecificity
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Introduction 

Cytotoxicity and apoptosis induction have been reported for several local 

anaesthetics (LA) in different tissues of varying origin in vitro and in vivo [1-7]. While 

the focus traditionally has been on neurotoxicity, cytotoxicity in other tissues like 

muscle and cartilage has recently received more attention [3-6]. Thus, cytotoxicity of 

LA seems to be a universal phenomenon. We demonstrated recently in neuronal 

cells that lipophilicity and potency of LA are factors determining neurotoxicity [8]. In 

this study we tested whether these results could be transferred to non-neuronal cells 

by using a T-lymphoma cell culture model that had been evaluated for lidocaine-

induced cytotoxicity previously [1]. Furthermore, we wanted to determine if 

stereoisomerism can influence cytotoxicity of LA. 

The mechanism of neural toxicity is unrelated to blockade of the voltage-gated 

sodium channel or electrical inactivation of the neurons [9-11]. Therefore, it is not 

surprising that LA are not only toxic in excitable tissues like neurons [1, 2] or muscle 

[3, 4] but also in non-excitable tissues [5-7, 12-15]. Specific properties of LA, like the 

chemical structure, might determine its toxicity. Ester-type LA have been considered 

to be more neurotoxic in comparison to amides [16-18]. There are conflicting results 

whether stereoisomerism of LA affects their cytotoxic effects. The more recently 

introduced S(-) enantiomers have been shown to be less cardiotoxic after systemic 

administration in comparison to the R(+) enantiomers [19, 20]. Likewise, S(-) 

bupivacaine seemed to be more beneficial in a mice model of central excitotoxicity 

[21], whereas the bupivacaine enantiomers were equally neurotoxic when applied 

intrathecally in rats [22]. Thus, the question whether toxicity induced by LA on the 

cellular level is influenced by stereospecific properties remains unanswered. Beyond 

the possible clinical relevance of such a finding, a stereospecific effect would suggest 

a specific binding structure for LA by which toxicity is induced. 

Therefore, we determined the concentration-toxicity curves of the LA articaine, 

bupivacaine, lidocaine, mepivacaine, prilocaine, procaine, ropivacaine and tetracaine 

in human T-lymphoma cells to re-evaluate our previous results in a neuroblastoma 

cell line [8]. Furthermore, we compared the cytotoxicity of ropivacaine enantiomers as 

well as of the commercially available drug formulations S(-) bupivacaine 

(levobupivacaine) and racemic bupivacaine, which contains both enantiomers by the 

same amount.  
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Methods 

Reagents 

All LA were investigated as their hydrochloride salts. Bupivacaine, lidocaine, 

mepivacaine and prilocaine were obtained from AstraZeneca (London, United 

Kingdom). Procaine was purchased from Jenapharm (Jena, Germany), while 

articaine and tetracaine were obtained from Sanofi Aventis (Paris, France). S(-) 

bupivacaine (levobupivacaine) was purchased from Abbott (Wiesbaden, Germany). 

Differences in expressed formulation of S(-) bupivacaine were taken into account by 

using the molecular weight of the base instead of the hydrochloride salt for 

calculation of all dilutions [23]. Ropivacaine and its enantiomers were kindly provided 

by AstraZeneca, Research and Development (Södertälje, Sweden). Phosphate-

buffered saline (PBS) without calcium and magnesium was purchased from Gibco, 

Invitrogen (Carlsbad, CA, USA). All other reagents were purchased from Sigma 

Aldrich (St. Louis, MO, USA).  

Cell culture 

The origin and characteristics of human Jurkat T-lymphoma cells have been 

described before [1, 24, 25]. The cell line was grown in Roswell Park Memorial 

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

serum and 50 µg ml-1 each of penicillin and streptomycin. Cells were cultured in a 

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

Exposure to LA and Experimental Protocol 

To produce logarithmic growth, cells were cultured for 12 to 24 h in complete medium 

at a concentration of 4 x 105
 

cells ml-1 prior to the experiment. Subsequently, 

samples were prepared each with 4 ml of cell suspension and a density of 1 x 105
 

cells ml-1. Cells were treated for 24 h at 37°C with medium alone as negative control, 

or indicated concentrations of LA diluted in the cell culture medium. In a second set 

of experiments the enantiomers of ropivacaine and bupivacaine were evaluated 

according to the same protocol, but three concentrations around the LC50 were 

chosen. The pH value of the medium (7.40, range 7.35-7.43) was not influenced by 

the addition of LA. 

Apoptosis Detection Assay 

Staining with fluorescein isothiocyanate (FITC) conjugated annexin V (Molecular 

Devices, Franklin Lake, NJ, USA) and 7-aminoactinomycin D (7-AAD) was used. 
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Positive staining for annexin V indicates the translocation of phosphatidylserine to the 

outer surface of the plasma membrane in presence of early apoptosis [26]. In 

contrast, cells in a later state of apoptosis or primarily necrotic cells stain positive for 

7-AAD, because the cells are not able to exclude 7-AAD via the disrupted membrane 

[27]. Overall cell death is defined as the sum of percentage of early apoptotic cells 

(annexin V positive) and necrotic cells (annexin V + 7AAD positive) in absence of 

cells solely stained with 7-AAD. 

For annexin V / 7AAD staining, cell culture medium was transferred from 

sample wells to analyzing tubes. Cells were then washed twice with cold PBS and 

resuspended in 97 µl annexin binding buffer (10 mM N-[2-hydroxyethyl]piperazin-N'-

3[propansulfonicacid]/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a 

concentration of 1 × 106 cells ml-1. Next, the samples were incubated with 5 µl of 

annexin V – FITC and 2 µl 7-AAD (50 µg ml-1) for 15 min protected from light at room 

temperature. 150 µl of annexin binding buffer were added, cells resuspended and 

analyzed immediately. 

All flowcytometric analyses were performed using a FACScalibur 

flowcytometer and CellQuest analysis software (BD Biosciences). A minimum of 

10,000 cells were analyzed for each probe.  

Statistical Analysis 

All experiments were performed in triplicate. SPSS (Statistical Package for Social 

Sciences) program version 16.0 (SPSS Inc. Chicago, IL, USA) was used for 

calculations. Results are expressed as means (standard deviation). Under the 

guidance of our statistics department the concentration-response curves of the 

different LA were calculated by probit regression. Comparison of the LC50, which 

were obtained from probit analysis as means (95% confidence interval) was achieved 

by ANOVA with Tukey´s post hoc test. Spearman rank correlations were estimated 

for LC50 values with lipid solubility, clinical blocking potency, ionisation constant 

(pKa), unionised fraction at pH 7.4, protein binding and molecular weight. In order to 

evenly weight results from all 8 investigated LA, only LC50 values for racemic 

bupivacaine and ropivacaine were included in correlation analysis. Comparisons 

between percentages of cell death induced by different enantiomers were tested with 

Wilcoxon rank-sum test. P < 0.05 was considered significant. 
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Results 

All LA induced early and late apoptosis (or primary necrosis) as indicated by a 7-AAD 

and annexin V double-staining. LA concentrations below the half maximal toxic 

concentration (LC50) led to an increase of cells in an early stage of apoptosis 

(annexin V positive only) of 69.7 ± 18.9% of overall cell death. In contrast, higher LA 

concentrations (above LC50) induced double-staining for annexin V and 7-AAD in 

78.6 ± 13.1% of detected cell deaths, indicating a later state of apoptosis or primary 

necrosis. 

 Investigated LA induced a reduction of cell viability (annexin V positive cells 

irrespective of 7AAD staining) in a concentration-dependent manner (fig.1). The 

concentrations decreasing the cell viability varied between 0.2 mM and more than 10 

mM for the different LA (fig. 1).  

 

Figure  1 

 

 
Fig. 1 Concentration-dependent viability of cells (percentages of cells staining 
negative for annexin V and 7AAD) after 24 h exposure to one of 8 different local 
anaesthetics. Sigmoid shaped curves for concentration-viability relationship were 
calculated by probit regression analysis using the results from triplicate experiments 
with at least six different concentrations of each local anaesthetic. Single symbols 
represent results from single experiments.  
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Concentration-toxicity functions were analysed by means of probit regression. Cell 

death was defined as the percentage of cells staining positive for annexin V only and 

the percentage of cells staining positive for annexin V and 7-AAD. The concentration 

that induced 50% cell death (LC50) was derived from the regression analysis. All LC50 

-values are displayed in figure 2. ANOVA revealed significant differences between 

the LA yielded the following decreasing order of toxicity (mean; CI): Tetracaine (0.23 

mM; 0.21-0.24), bupivacaine (1.3 mM; 1.2-1.5), ropivacaine (2.3 mM; 2.1-2.5), 

prilocaine (2.7 mM; 2.5-3.0), procaine (4.7 mM; 3.9-5.5), lidocaine (4.7 mM; 4.4-5.0), 

articaine (5.3 mM; 4.8-5.9), mepivacaine (6.1 mM; 5.8-6.3).  However, in contrast to 

all other comparisons, there were no significant differences between the toxicities of 

procaine and lidocaine as well as between articaine and mepivacaine according to 

the applied Tukey´s post-hoc-test. 

Figure 2: 

 

 

Fig. 2 Half-maximal toxic concentrations (LC50) of investigated local anaesthetics. 
LC50-values (mean, 95% confidence interval) were calculated from probit analysis 
and tested by ANOVA with Tukey´s post-hoc test; * = P < 0.05. Please note that 
apart from indicated differences, all comparisons of local anaesthetics on either sides 
of a significance sign revealed significantly different LC50 values. 
 

 In a separate set of experiments, we focused on the role of enantiomerism for 

LA-induced cytotoxicity. At the selected 3 concentrations S(-) bupivacaine and its 

racemate induced equal cytotoxicity (fig. 3). Accordingly, calculated LC50 for S(-) 

bupivacaine (1.2 mM; 1.1-1.3) did not differ significantly from racemic bupivacaine. 

Likewise, similar percentages of cell death were detected after incubation with 

ropivacaine enantiomers (fig. 3). Furthermore, we found no difference in calculated 
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LC50 values, which were 2.9 mM (2.6-3.3) for S(-) ropivacaine and 2.7 mM (2.2-3.3) 

for R(+) ropivacaine. Thus, these data confirm, that the cytotoxicities of both 

bupivacaine and ropivacaine are not dependent of stereospecific properties. 

Figure 3: 

 

 

Fig. 3 Comparisons of apoptosis/cell death induction between different enantiomers 
of bupivacaine and ropivacaine. Cells in early apoptosis, staining positive for annexin 
V and negative for 7-AAD, are delineated in the hatched areas, whereas cells in late 
apoptosis or necrosis are delineated in black areas. There was no significant 
difference between S(-) bupivacaine (S-Bupi) and racemic bupivacaine (Bupi) or 
between S(-) ropivacaine (S-Ropi) and R(+) ropivacaine (R-Ropi), respectively.  
 

 The LC50-values correlated moderately with octanol/buffer distribution 

coefficients and the clinical potencies of the LA as known from the literature [28-30], 

indicated by correlation coefficients of r = -0.738 and r = 0.741, respectively. 

Correlation scatter plots and regression line with 95% confidence intervals are 

displayed in figure 4. Both factors correlated significantly with the measured toxicity 

of LA (P<0.05), while all other physicochemical properties (pKa, unionized fraction at 

pH 7.4, protein binding and molecular weight) [28] did not. Thus, the more lipophilic 

and the more potent a LA is, the more cytotoxic it is.  
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Figure 4: 

 

 

Fig. 4 Scatter plots of correlation between toxicity (concentration of 50% cell death = 
LC50) and octanol/buffer partition coefficient (A) and relative experimentally effective 
anaesthetic concentrations (B). Each circle represents one local anaesthetic. 
Triangles indicate the values for S(-) enantiomers of bupivacaine and ropivacaine, 
while squares mark the values for R(+) ropivacaine. The straight line represents the 
linear regression, whereas the curved lines symbolise the 95% confidence interval. R 
delineates correlation coefficient according to Spearman’s rank sum test. In order not 
to bias results, only LC50 values from racemic ropivacaine and bupivacaine were 
included in correlation analysis. The measured toxicity correlated significantly with 
lipophilicity [28] and potency [29] of the local anaesthetic, although the variation was 
considerable. 
 

 

Discussion 

The investigated LA were cytotoxic at concentrations well below those injected 

clinically. In our in vitro model bupivacaine induced toxicity at concentrations as 

measured in cerebrospinal fluid of humans within 45 min after induction of spinal 

anaesthesia [31]. As demonstrated in neuronal cells before, the toxicities of LA 

correlated with their octanol/buffer partition coefficients and their relative clinical 

potencies in this non-neuronal cell culture. Furthermore, the cytotoxicity of 

ropivacaine and bupivacaine was not stereospecific.  

It has been demonstrated before that LA can induce apoptosis [2, 12-15, 32-

34]. Many studies investigated only one single substance [12-14, 32-34]. Therefore, it 

is difficult to compare the toxic potencies of various LA. Boselli et al. compared the 
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toxicities of lidocaine and ropivacaine in human lymphocytes [15]. Unfortunately, in 

that study only one concentration of each drug was investigated. The authors 

admitted this methodological disadvantage and recommended studies investigating 

broader ranges of concentrations and LA. 

Recently, Lee and collecagues found that only tetracaine, but not lidocaine, 

S(-) ropivacaine, racemic bupivacaine or S(-) bupivacaine, induced apoptosis in a 

primary astrocyte cell culture model [18]. Unfortunately, these authors only 

investigated concentrations below 1 mM. At these concentrations only tetracaine 

caused significant cell death in our model. Since the authors did not investigate 

higher concentrations, their results do not contradict our findings. Perez-Castro et al. 

and our group compared the toxic effects of procaine, mepivacaine, lidocaine, 

chloroprocaine, ropivacaine and bupivacaine in human neuroblastoma cells and 

found a similar order of toxicity as presented here [8, 35]. In comparison to these 

results in neuroblastoma cells the Jurkat lymphoma cells used here were about 30-

50% more sensitive to LA-induced toxicity. Thus, counter-intuitively, non-neuronal 

cells seem to be more sensitive to LA-induced toxicity than neuronal cells. However, 

mepivacaine was comparatively less toxic in lymphoma cells than in neuronal cell for 

unknown reasons. Although the clinical potencies of articaine, mepivacaine, lidocaine 

and procaine are roughly the same, they vary in cytotoxicity almost 3-fold (fig. 4). 

Nevertheless, lipophilicity - and therewith potency – determines the toxicity of LA also 

in non-neuronal cells, although to a lesser extent as in neurons (R2=0.54 compared 

to 0.77, respectively) [8]. Therefore, the moderate correlation found in this study 

suggests that lipophilicity is not the only determinant of toxicity in non-neuronal cells, 

but other structural properties might also influence toxicity. As in neuronal cells 

before [8], no other investigated physicochemical property like ionization constant or 

protein binding correlated significantly with observed cytotoxicity. This observation 

was therefore one of the reasons to explore further on structural factors like 

enantiomerism. 

Lirk and colleagues compared the neurotoxic effects of lidocaine, bupivacaine 

and ropivacaine in rodent primary dorsal root ganglia cell cultures [2]. In equipotent 

concentrations the percentages of cell death did not differ between these LA. 

Although they compared only one concentration of each of three LA, their results are 

in line with our findings. 
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The LC50 of bupivacaine in our model is in the concentration range as 

measured in cerebrospinal fluid of patients within 45 min after single-shot spinal 

anaesthesia [31]. Unfortunately, there are no data measuring concentrations in the 

cerebrospinal fluid over a longer period. However, the calculated half-life of 

bupivacaine in the cerebrospinal fluid was 50.8 min in patients after intrathecal 

injection [31]. In our model cells were exposed for 24 h to a constant concentration of 

LA. That may explain why toxicity is very rarely observed, clinically. Thus, beyond 

concentration the time of exposure to a LA is important in regard to cytotoxicity. 

Probably the most interesting finding from our study is that cytotoxicity of LA is 

not stereospecific. Research suggesting that the more recently introduced S(-) 

enantioners induced less systemic neuro- and cardiotoxicity ensured their quick 

adoption into clinical practice [36]. After peripheral nerve blocks, bupivacaine seemed 

to be associated with an increased percentage of nerve injuries in comparison to S(-) 

ropivacaine in one retrospective study [37], but these results were not confirmed by 

more recent evidence [38]. In an animal model of myotoxicity, bupivacaine 

enantiomers equally decreased ATP levels in muscles by mitochondrial enzyme 

inhibition, but only S(-) bupivacaine interfered significantly with calcium homeostasis 

[39]. After intrathecal application in rats, nerve injury scores were not significantly 

different after injection of R(+) or S(-) bupivacaine [40]. Although this animal model is 

much closer to the clinical situation, it can quantify the effects only semi-

quantitatively, while our model has the advantage of quantifying the effects of 

stereoisomerism more precisely. Our results are in accordance with the above-

mentioned in vitro studies in muscle and neuronal tissues. Thus, the local cytotoxic 

effect of LA seems to be not stereospecific in any tissues. 

In isolated guinea pig hearts, the S(-) enantiomer of bupivacaine blocked the 

atrioventricular conduction to a smaller extent than the R(+) enantiomers [20], 

whereas the inhibition of mitochondrial bioenergetics in the rat heart was not 

stereoselective [41]. Therefore, one might speculate that similar to the effects of 

lidocaine [1, 33], the induction of mitochondrial dysfunction and subsequent release 

of apoptotic substances may be the relevant and not stereospecific action of all 

investigated LA regarding their toxicity. 

Cell culture models like the one used in the present investigation have several 

limitations in transferring results to the in vivo situation: Jurkat lymphoma cells are 

dividing in an artificial environment during exposure to LA. Furthermore, Jurkat cells 
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are not of ectodermal origin, but apoptosis induction and cytotoxicity have been 

shown in cells of meso, ento- and ectodermal origin [1-7]. As cytotoxicity of LA is 

common to all tissues, Jurkat cells have been used previously to investigate the 

mechanism of LA-induced cytotoxicity [1]. Jurkat cells are even more sensitive to LA-

induced toxicity than primary cell lines and thus maybe a more sensitive model [2, 

42]. 

We observed a correlation between toxicity and octanol/buffer partition 

coefficient as well as clinical potency. Thus, the therapeutic margin seems to be 

approximately the same for all LA, irrespective whether they are of the ester or 

amide-type. In contrast to other findings the ester-type LA were not more toxic than 

the amide-type LA [17, 18]. 

In conclusion, all LA induce concentration-dependent apoptosis and thus 

cytotoxicity. The cytotoxicity of LA correlates moderately with lipophilicity and clinical 

potency in non-neuronal cells, but less pronounced compared to neuronal cells. 

Furthermore, LA-induced cytotoxicity is independent of the chemical type of LA (i.e. 

ester- or amide-type). Finally, the more recently introduced S(-) enantiomers of LA 

offer no advantage in regard to local cytotoxicity. 
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Abstract 

Background: Ketamine has been shown to have neurotoxic properties, when 

administered neuraxially. The mechanism of this local toxicity is still unknown. 

Therefore, we investigated the mechanism of cytotoxicity in different human cell lines 

in vitro. 

Methods: We incubated the following cell types for 24 h with increasing 

concentrations of S(+)-ketamine and racemic ketamine: (1) human Jurkat T-

lymphoma cells overexpressing the antiapoptotic B-cell lymphoma 2 protein, (2) cells 

deficient of caspase 9, caspase 8, or Fas-associated protein with death domain and 

parental cells,  as well as (3) neuroblastoma cells (SHEP). N-methyl-D-aspartate 

receptors and caspase 3 cleavage were identified by immunoblotting. Cell viability 

and apoptotic cell death were evaluated flowcytometrically by annexin V and 7-AAD 

double staining. Mitochondrial metabolic activity and caspase 3 activation were 

measured.   

Results: Ketamine concentration-dependently induced apoptosis in lymphocytes and 

neuroblastoma cell lines. Cell lines with alterations of the mitochondrial pathway of 

apoptosis were protected against ketamine-induced apoptosis, whereas alterations of 

the death receptor pathway did not reduce apoptosis. S(+)-ketamine and racemic 

ketamine induced the same percentage of cell death in Jurkat cells, whereas in 

neuroblastoma cells  S(+)-ketamine was slightly less toxic.  

Conclusions: Ketamine at millimolar concentrations induces apoptosis via the 

mitochondrial pathway, independent of death receptor signaling. At higher 

concentrations necrosis is the predominant mechanism. Less toxicity of S(+)-

ketamine was observed in neuroblastoma cells, but this difference was minor and 

therefore unlikely to be mediated via the NMDA receptor. 
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Ketamine, a noncompetitive N-methyl-D-aspertate (NMDA) receptor antagonist, is 

administered epidurally and intrathecally for the treatment of postoperative, chronic 

cancer pain and neuropathic pain, respectively.1,2 Despite this considerable and 

promising clinical experience there is concern about the possible toxicity of ketamine 

when applied next to neural structures. Ketamine, S(+)-ketamine and other NMDA 

antagonists have been shown to induce neurotoxicity when applied intrathecally over 

days and weeks.3-5 Applied intrathecally, ketamine damages white and gray matter of 

the spinal cord, most lesions being found subpial and around the spinal canal in 

animal models and patients. Surprisingly, neither animals nor patients had any 

detectable loss of function. Histopathologically, signs of chromatolysis were detected 

after long-term application of preservative-free ketamine.5,6 These lesions were 

recognized as possible retrograde degeneration after a distal axonal lesion or 

widespread demyelination. Chromatolysis can possibly be a late sign of apoptosis, 

i.e. programmed cell death, but so far the mechanism of local toxicity induced by 

ketamine is unknown.  

Apoptosis is regulated by a cascade of specialized proteases called caspases. 

Caspase 3 is activated late in the apoptosis cascade, whereas caspase 8 and 9 are 

activated at an early stage of apoptosis. Caspase 9 is the central caspase of the 

mitochondrial signaling pathway, while caspase 8 is essential for death receptor-

induced apoptosis. Both pathways converge at the activation of caspase 3 which 

cleaves more downstream effectors, finally leading to the typical morphological 

alterations of apoptosis.7 

The pathways of apoptosis are delineated in a simplified scheme in figure 1. The 

mitochondrial pathway of apoptosis is activated by permeabilization of the outer 

mitochondrial membrane. After permeabilization several apoptogenic factors are 

released from the mitochondrial intermembrane space, e.g. cytochrome c. 

Cytochrome c together with caspase 9 induces the formation of the apoptosome, a 

high-molecular weight complex, which then activates caspase 3 and therewith the 

common pathway of apoptosis.7 

The extrinsic pathway is activated by death receptors. These are specialized cell-

surface receptors including Fas/CD95 and tumor necrosis factor-α related apoptosis-

inducing ligand receptors. Activation of this pathway induces the formation of the 

death inducing signal complex including FADD which then leads via activation of 
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caspase 8 to cleavage of caspase 3 and induction of the common pathway of 

apoptosis.7 

 

Figure 1: 

 

Fig 1: The two major pathways of apoptosis. The intrinsic or mitochondrial 
pathway of apoptosis (left side) involves mitochondrial dysfunction, release of 
cytochrome c (cyt c) and the subsequent activation of caspase-9 (casp-9) at the 
apoptosome. The antiapoptotic protein Bcl-2 inhibits the release of cytochrome c 
from the mitochondrion.  
The extrinsic or death receptor pathway (right side) is initiated by binding of death 
ligands to the death receptor and subsequent recruitment of the adapter protein Fas-
associated protein with death domain (FADD) and caspase-8 (casp-8) into the death-
inducing signaling complex (DISC). Both apoptosis pathways converge at the 
activation of effector caspase-3 (casp-3), which cleaves several cellular proteins, 
finally leading to the typical alterations of apoptosis such as DNA fragmentation in the 
nucleus. 
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To study the mechanism of ketamine toxicity on a cellular and subcellular level, 

nonneuronal and neuronal cell lines expressing the NMDA-receptor were 

investigated. We first evaluated, employing different methods, whether ketamine 

induces apoptosis. In a lymphoma cell line with genetically modified pathways of 

apoptosis we determined whether ketamine-induced apoptosis is mediated via the 

mitochondrial or the death receptor pathway. In neuroblastoma cells the effect of a 

caspase-inhibitor on ketamine-induced cell death was studied. In neuronal cells the 

stereospecific effects of ketamine were elucidated by comparing the apoptosis 

induced by S(+)-ketamine as compared with its racemate. Finally, we analysed the 

apoptosis induced by incubation (five days) with ketamine in neuroblastoma cells.  

 

Material and Methods 

All experiments were performed at the laboratory of the Department of 

Anaesthesiology of the University of Düsseldorf. 

Reagents 

Ketamine and S(+)-ketamine were purchased from Sigma Aldrich (St. Louis, MO) as 

a pure hydrochloride salt without preservatives. The pancaspase inhibitor 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). The NMDA receptor 1-antibody and the rabbit 

polyclonal anti-caspase 3 antibody were purchased from Cell Signaling (Cell 

Signaling Technology/New England Biolabs GmbH, Frankfurt am Main, Germany). A 

goat anti-rabbit IgG conjugated to horseradish peroxidise was used as secondary 

antibody (Dianova, Hamburg, Germany). 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 Culture 

Jurkat cells stably overexpressing Bcl-2 and the corresponding wild-type cells (clone 

J16) have been described before.8 Caspase 9 deficient (clone JMR) and proficient 

Jurkat cells have been characterized before.9,10 John Blenis Ph.D. (Department of 

Cell Biology, Harvard Medical School, Boston, Massachusetts) kindly provided 
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FADD– and caspase 8 deficient Jurkat cells and the parental cell line (clone A3). The 

characteristics and origin of human SHEP neuroblastoma cells have been described 

before. 7, 11 Rosswell Park Memorial Institute (RPMI) 1640 medium, supplemented 

with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine and 50 U ml-1 penicillin 

and 50 µg ml-1 streptomycin, was used as culture medium for all cell lines. Cells were 

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

Exposure to Ketamine and S(+)-Ketamine and Experimental Protocol 

In order to allow logarithmic growth, Jurkat and neuroblastoma (SHEP) cells were 

cultured overnight in complete medium at a concentration of 4 x 105 cells/ml. 

Subsequently, cells were cultured with fresh medium alone (as negative control), with 

the proapoptotic kinase inhibitor staurosporine (as positive control), or with indicated 

concentrations of racemic ketamine or S(+)-ketamine. When indicated, the 

pancaspase inhibitor Q-VD (10 µM) was added to cell cultures 1 h before the addition 

of ketamine.  

Detection of Early Apoptosis 

Double staining of cells with annexin V and 7-aminoactinomycin D (7-AAD) allows 

estimating the percentage of cells in the early phase of apoptosis and the fraction of 

cells already in a late apoptotic or necrotic state in the same sample. Detection of 

intracellular 7-AAD indicates late apoptosis or necrosis in stained cells, while cells 

only staining positive for annexin V, but not for 7-AAD are defined as early apoptotic. 

Cells were washed twice with cold PBS. Adherent neuroblastoma cells were 

detached by 5 min incubation with trypsin/EDTA 0.05% at 37°C. Then, samples were 

resuspended at a concentration of 1 x 106 cells/ml in annexin V binding buffer. After 

15 min incubation at room temperature with 5 µl annexin V and 5 µl 7-AAD (5 µg ml-1) 

additional 200µl annexin V binding buffer was added and samples were measured 

with a FACScalibur flowcytometer (Becton Dickinson, Heidelberg, Germany) using 

CellQuest Pro software. Every measurement includes 10.000 cells.  

Detection of Caspase 3 Activity 

Caspase 3 is one of the key proteases in early apoptosis. To determine caspase 3 

activity after incubation with ketamine, the cells were fixed with 4% 

paraformaldehyde, washed twice with PBS and incubated with 3% BSA, 0.05% 

Saponin in PBS and 20 µl of the FITC-labeled anti-caspase 3-antibody for 1 h 

protected against light. Next, cells were washed once with PBS supplemented with 

2% BSA, resuspended in PBS and analyzed flowcytometrically. 
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Statistical Analysis 

All experiments were performed at least in triplicates. Results are expressed as mean 

± SD. All calculations were performed with the SPSS program version 16.0 (SPSS 

Inc., Chicago, IL). Comparisons between groups were made by Mann–Whitney U 

test. P < 0.05 was considered significant. 

 

 

Results 

Western blot analysis revealed that T-lymphoma cells (Jurkat) and human 

neuroblastoma cells (SHEP) expressed the NMDA receptor 1 (see online version).  

Jurkat T-lymphoma cells were investigated for percentage of early apoptotic and late 

apoptotic or necrotic cell death after 24 h treatment with ketamine. Flowcytometric 

analysis revealed a concentration-dependent toxicity of ketamine at millimolar 

concentrations leading to early apoptotic (annexin V positive/ 7-AAD negative) and 

late apoptotic or necrotic (annexin V positive/ 7-AAD positive) cell death (fig. 2A). 

Thus, 3 mM ketamine induced 65.9 ± 5.1% cell death, whereas the negative control 

only had a percentage 5.9 ± 1.3% and the positive control (STS) a percentage of 

86.9 ± 2.6% cell death (p<0.05).  

In order to determine possible involvement of the mitochondrial pathway of apoptosis 

in ketamine induced apoptosis, Jurkat cell clones either overexpressing B-cell-

lymphoma 2 protein (Bcl-2) or deficient for caspase 9 were exposed to ketamine. 

These genetically engineered cell lines with an altered mitochondrial pathway of 

apoptosis were protected against the apoptosis-inducing effects of ketamine (fig. 2B). 

2 mM ketamine induced 43.2 ± 1.9% cell death in wild type cells but led only to 11.0 

± 2.9% cell death in cells overexpressing Bcl-2. Interestingly, cells deficient in 

caspase 9 were completely protected (4.1 ± 0.6% cell death) against the apoptosis- 

inducing effect of ketamine at the same concentration (fig. 2B). Thus, inhibition of the 

mitochondrial pathway of apoptosis protected to a considerable extent against 

ketamine-induced apoptosis. The influence of the death receptor pathway of 

apoptosis was investigated in Jurkat cell lines deficient of caspase 8 and FADD, an 

intracellular adapter molecule of the death receptor. Caspase 8 deficient cells and 

FADD deficient cells were not significantly protected against ketamine toxicity (fig. 

2C). Thus, ketamine induces cell death via the mitochondrial pathway without 

significant death receptor signaling. 
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Figure 2:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2: Cell survival of Jurkat T-lymphoma cells after 24 h exposure was measured by 
flowcytometry revealing the percentages of overall cell death as well as early 
apoptotic cells (annexin V/7-AAD +/-) and late apoptotic or necrotic cells (annexin 
V/7-AAD +/+). (A) Concentration-dependent toxicity and apoptosis induction by 
ketamine in Jurkat T-lymphoma cells. Staurosporine (sts) was used as positive 
control. (B) Wilde-type (wt), Bcl-2 overexpressing (Bcl2+) and caspase 9 deficient 
(cas9-) cells were exposed to control medium (left) or 2 mM ketamine (right). (C) 
Wilde-type (wt), caspase 8 deficient (cas8-) and FADD deficient (FADD-) cells were 
exposed to control medium (left) or 2 mM ketamine (right). 
Data are presented as mean ± standard deviation. * denotes p<0.05 compared to 
negative control, n.s. = not significant (n = 3). 
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As a model of cells of neuroectodermal origin, we investigated neuroblastoma cells. 

As in Jurkat cells, apoptosis and overall cell death were analyzed by flowcytometry in 

SHEP neuroblastoma cells exposed 24 h to increasing concentrations of ketamine. 

Ketamine induced concentration-dependent toxicity between 2 and 8 mM (fig. 3A). At 

2 and 4 mM the percentage of cells undergoing early apoptosis (annexinV positive/ 

7-AAD negative) was 9.4 ± 3.0 and 14.2 ± 0.1%, respectively, whereas with 6 and 8 

mM ketamine induced only 8.0 ± 2.2% and 2.6 ± 0.3%, respectively.  

Figure 3: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3: Apoptosis induction in neuroblastoma cells (SHEP) after 24 h exposure to 
negative control, staurosporine (sts) as positive control and increasing concentrations 
of ketamine. In (A) apoptosis induction was measured by flowcytometry revealing the 
percentages of overall cell death as well as early apoptotic cells (annexin V/7-AAD 
+/-) and late apoptotic or necrotic cells (annexin V/7-AAD +/+). In panel (B) activation 
of caspase 3 was measured as a marker for apoptosis by flowcytometry.  
Data are presented as mean ± standard deviation. * denotes p<0.05 compared to the 
negative control (n = 3). 
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These results were verified by analyzing caspase 3 activity after treatment of cells 

with different ketamine concentrations (fig. 3B). Caspase 3 activity increased after 

treatment with 2 mM (4.6 ± 0.8%) to 8 mM ketamine (35.2 ± 7.4%), whereas 12 mM 

led to a decrease in caspase 3 activity (11.1 ± 3.3%). These results were confirmed 

by immunoblotting (see online version).  

The pancaspase inhibitor (Q-VD) reduced the percentage of cell death induced by 4 

mM ketamine from 45.9 ± 2.4% to 8.2 ± 1.9% (p<0.05). The relative effect size of Q-

VD was less at greater concentrations (fig. 4). Thus, 8 mM ketamine led to 90.1 ± 

1.2% cell death and addition of Q-VD reduced this percentage to only 59.4 ± 3.3% 

(p<0.05). Thus, ketamine at low concentrations predominantly induced apoptosis 

whereas at higher concentrations necrosis predominated.  

Figure 4: 

 

Fig 4: Apoptosis induction in neuroblastoma cells (SHEP) after 24 h exposure to 
negative control, staurosporine (sts) as positive control and increasing concentrations 
of ketamine with or without the pancaspase-inhibitor Q-VD (10 µM). Flowcytometry 
revealing the percentages of overall cell death as well as early apoptotic cells 
(annexin V/7-AAD +/-) and late apoptotic or necrotic cells (annexin V/7-AAD +/+). 
Data are presented as mean ± standard deviation. * denotes p<0.05. 
 

Next, we investigated whether the same toxic effects occur with lower concentrations 

and longer exposure times. Thus, neuroblastoma cells were exposed for up to 120 h 

to various concentrations of ketamine. The lowest concentration inducing a significant 

reduction in mitochondrial activity and thus viability of the cells was 400 µM, reducing 
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mitochondrial activity by 14.9 ± 4.3% (p<0.01). This effect was concentration 

dependent, with a maximum reduction of mitochondrial activity of 39.4 ± 6.5% at 

1600 µM (p<0.001, for detail see online version). Thus, the toxicity of ketamine 

depends not only on the concentration, but also on exposure time. 

In order to investigate whether the observed toxicity may be related to a 

stereospecific effect of ketamine on the NMDA receptor, we compared racemic 

ketamine with its enantiomer S(+)-ketamine in Jurkat cells, as well as in 

neuroblastoma cells, by means of Annexin V/7-AAD flowcytometry. In Jurkat cell 

S(+)-ketamine and the racemate induced exactly the same toxicity (fig. 5A), whereas 

in neuroblastoma cells S(+)-ketamine was slightly less toxic than the racemate (fig. 

5B). The difference in effect of the enantiomers was rather small. The maximum 

difference in cell death was observed at a concentration of 2 mM. At this 

concentration S(+)-ketamine induced 9.1 ± 0.6% cell death, whereas racemic 

ketamine induce 18.3 ± 12.4% cell death (p<0.05).  

Figure 5: 

 

 
 
 
 
Fig 5: Comparison of the 
neurotoxicity of S(+)-
ketamine and its racemate 
in equimolar 
concentrations after 24h 
exposure in Jurkat T-
lymphoma cells (A) and 
SHEP neuroblastoma 
cells (B) measured by 
flowcytometry revealing 
the percentages of overall 
cell death as well as early 
apoptotic cells (annexin 
V/7-AAD +/-) and late 
apoptotic or necrotic cells 
(annexin V/7-AAD +/+) 
Data are presented as 
mean ± standard 
deviation. * denotes 
p<0.05 (n=3). 
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Discussion 

Our results indicate that ketamine at low millimolar concentrations induces apoptosis 

in non-neuronal and neuronal cells, whereas higher concentrations predominantly 

lead to necrosis. Apoptosis induction by ketamine is mediated via the mitochondrial 

pathway and independent of death receptor signaling. Ketamine-induced apoptosis is 

concentration- as well as time-dependent and can be almost completely prevented by 

caspase inhibition. Finally, the apoptosis-inducing effect of ketamine is not or 

marginally stereospecific, making an involvement of the NMDA receptor unlikely. 

Although the potential neurotoxicity of ketamine after application close to neural 

structures has been discussed,3 the preservative chlorbutanol was identified as the 

main toxic agent after single application.12 Nevertheless, after repeated applications 

even preservative-free ketamine displayed at least morphological damage, whereas 

alterations in nerve function were not investigated systematically.13 Recently, it has 

been demonstrated that preservative-free S(+)-ketamine applied intrathecally in 

rabbits also leads to severe histopathologic damage without any functional deficits.5 

Similar histopathologic results, but without functional neurological deficit, have been 

described after long-term intrathecal application of ketamine in case reports of 

patients with otherwise unbearable pain.6,14  

The locations of the lesions induced by ketamine have been described in detail, and 

are predominantly subependymal and around the central canal, where presumably 

the neural structures were exposed to the highest concentrations of ketamine. The 

morphological features are most frequently reported in terms of demyelination and 

necrosis. Recently, chromatolysis has been found after intrathecal application of 

ketamine.5 Chromatolysis is a late, but not pathognomonic, morphologic sign of 

apoptosis. In our in vitro model, we demonstrated that ketamine concentration- and 

time-dependently induces apoptosis and, at higher concentrations, necrosis. Thus, 

the caspase 3 activity firstly increased concentration-dependently and decreased with 

the highest concentrations tested (fig. 3B), although the overall toxicity increased 

further with higher concentrations (fig. 3A and 4). Furthermore, the protective effect of 

a caspase inhibitor diminished also with higher concentrations (fig. 4). So the 

mechanism of cell death changes with increasing concentrations from apoptosis to 

necrosis.  This phenomenon is not unusual, e.g. the same effect is also seen with the 

local anaesthetic lidocaine.7 Similar to findings using lidocaine our results indicate 

that apoptosis induced by ketamine is mediated via the mitochondrial pathway and is 
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independent of death receptor signaling. Yon and colleagues showed that apoptosis 

induced by systemic application of ketamine in neonatal rats is mediated via the 

mitochondrial as well as the death receptor pathway.15 That appears to contradict the 

results presented here, but the presumable plasma concentrations of ketamine 

reached in neonatal animals are certainly far below those occurring after local 

application. Furthermore, in the neonatal animals ketamine when given systemically 

induces neuroapoptosis via the NMDA-receptor 1,16 whereas in our model it seems 

independent of NMDA-receptor. But the neurotoxic effects of ketamine observed in 

neonatal neurons have another pathomechansim, since they are mediated via the 

NMDA receptor and are induced with concentration about a hundred times lower than 

in our model. Our results were observed in dedifferentiated tumor cells and not during 

the physiologic spurt of apoptosis and synaptogenesis as in neonatal animal models. 

Thus, the pathway of toxicity revealed here is presumably different from the 

apoptosis seen in the brain after systemic application of general anaesthetics. 

Interestingly, Lee et al. found that in human hepatoma cell cultures ketamine also in 

millimolar concentrations induced incorporation of Bax proteins into the mitochondrial 

membrane, cytochrome C release, caspase activation and finally apoptosis.17 Thus 

also in this non-neuronal cells ketamine induced apoptosis via the mitochondrial 

pathway. 

The difference in toxicity of the ketamine enantiomers in neuroblastoma cells was - 

although significant - fairly minor. Presumably, this does not reflect the several-fold 

difference in potency at the phencyclidine binding site of the NMDA receptor.18  Thus, 

the local toxicity of ketamine observed here is unlikely to be mediated via the NMDA 

receptor.  

Clinically, ketamine is used epidurally in combination with an opioid or a local 

anaesthetic at concentrations around 0.4 mg/ml (≈1.5 mM) over several days.19-24 In 

patients with chronic pain it has been used intrathecally at concentrations up to 25 

mg/ml (≈93 mM) over weeks and months.6,25,26 Unfortunately, ketamine 

concentrations occurring epidurally or intrathecally during these applications are not 

known. Nevertheless, in clinical practice ketamine is administered intrathecally at 

concentrations about a hundred times greater than those already inducing significant 

toxicity in our in vitro model. 

However, the results presented should not be extrapolated to the clinical situation. 

Nevertheless, it is important to know that ketamine and lidocaine (and other local 
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anaesthetics) induce apoptosis via the same mitochondrial pathway.7,11 Thus, an 

additive effect might be presumed when they are used in combination.  

However, all available evidence from in vitro, in vivo and patient studies suggests that 

caution and good clinical judgment is warranted when applying high concentrations 

of ketamine intrathecally or epidurally over a long period of time. More safety studies 

should be performed so that the margin of safety for use of neuraxially administered 

ketamine can be definitively determined.  

In conclusion, ketamine concentration-dependently and time-dependently induces 

apoptosis and necrosis in vitro. Apoptosis is induced via the mitochondrial pathway, 

independent of death receptor signaling. This toxicity is not or only minimally 

stereoselective and therefore unlikely to be mediated via the NMDA receptor. 
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Abstract: 

Introduction: Ketamine has been demonstrated to be neurotoxic in animals as well 

as in patients. Preservatives added to ketamine have been accused to induce this 

neurotoxicity. Therefore, we investigated whether the most widely used preservative 

of ketamine–benzethoniumchloride–enhances the toxicity of S()-ketamine in vitro in 

lymphoma, neuroblastoma cells and primary astrocytes. 

Methods: Human Jurkat T-lymphoma- and neuroblastoma cells (SHEP) were 

incubated for 24 hours with commercially available S-ketamine containing 

benzethonium, pure S-ketamine and pure benzethonium chloride. The rate of early- 

and late-apoptotic cells was evaluated by flowcytometry. In a second step the 

combined toxicity of benzethonium and ketamine was investigated in neuroblastoma 

cells and primary rat astrocytes in a mitochondrial activity assay (XTT). The additivity 

Results: In Jurkat T-lymphoma and neuroblastoma cells benzethonium increased 

the toxicity of ketamine from 32% to 80% and from 64% to 84% cell deaths, 

respectively. In neuroblastoma cells as well as in primary rat astrocytes the 

measured combined toxicity was within the confidence interval of the calculated pure 

additive toxicity as seen in the isobolograms. 

Conclusions: We conclude that benzethonium increases the local toxicity of 

ketamine in cells of hematopoetic, neuronal and glial origin in an additive manner. 

Therefore, caution is recommended especially when using preservative containing S-

ketamine as an additive for long-term neuraxial analgesia.  
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Introduction 

Ketamine, a noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist, has 

been administered neuraxially for the treatment of postoperative pain, chronic cancer 

pain and neuropathic pain, respectively.1,2 Although ketamine was shown to induce 

neurotoxicity when applied intrathecally in animals and patients3,4, there is 

considerable uncertainty about the possible toxicity of ketamine when applied next to 

neuronal structures. In the past local neurotoxicity of ketamine has been attributed to 

added preservatives.5,6 Malinovsky et al. demonstrated in rabbits that only animals 

receiving chlorobutanol (with or without ketamine) developed signs of neurological 

damage, but not the ones receiving pure ketamine.5 Similarly, Errando et al. showed 

in pigs that ketamine alone induced no neuronal damage, whereas ketamine with 

benzethonium induced discrete neurotoxic effects.6 Surprisingly, benzethonium alone 

displayed even greater toxicity than the combination of benzethonium with ketamine. 

Benzethonium itself induces apoptosis in a variety of human epithelial tumors as well 

as embryonic fibroblasts and has been advocated as an agent with a significant 

broad-spectrum anticancer activity.7 Recently, we demonstrated in human 

neuroblastoma and T-lymphoma (Jurkat) cells that the preservative-free ketamine 

racemate as well as the S(+)-enantiomer induce apoptosis in millimolar 

concentrations via the mitochondrial pathway presumably unrelated to NMDA 

signaling.8 Unfortunately, commercially available preservative-free S(+)-ketamine 

should not be stored at room temperature for longer then 12 h, which makes 

administration for a longer time period rather difficult. Although benzethonium 

containing ketamine has been applied epidurally without signs of neurologic injury9, it 

would be interesting to know whether its toxicity has a synergetic effect.   

Therefore, we determined the percentage of apoptotic and necrotic cells induced by 

S(+)-ketamine, benzethonium, the commercially available combination of both 

(Ketanest S, Pfizer, Berlin, Germany) and the combination of the pure substances 

in human cells of hematogenic and neuronal orgin. Subsequently, we tested the 

synergism of both substances in neuronal cells and primary astrocytes. 
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Methods  

Cell cultures 

The origin and characteristics of human Jurkat T-lymphoma cells and human 

neuroblastoma cells have been described before.10-12 Memorial Institute (RPMI) 1640 

medium (supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-

glutamine, and 50 U/ml of penicillin and 50 µg of streptomycin) was used as 

suspension medium in both cell lines. Culture condition for all cells was a humidified 

atmosphere containing 5% carbon dioxide at 37°C. Cultures of primary rat astrocytes 

were prepared from cerebral cortices of P2 Wistar rats. After approval of the local 

Animal Research Committee, rats were anesthetized using Forene® (Abbott, Abbott 

Park, IL), decapitated, and the brains quickly removed. To avoid fibroblast or 

endothelial contamination, cortical tissue was carefully isolated from blood vessels 

and meninges, rinsed with Dulbecco's modified Eagle medium (DMEM; Invitrogen, 

Carlsbad, CA), dissociated by trypsinization, and suspended in DMEM supplemented 

with 10% fetal bovine serum (FBS; Invitrogen), penicillin (80 units/ml), and 

streptomycin (0.2 mg/ml). Dissociated cells were plated in 75-cm2 culture flasks 

(Corning Incorporated Life Sciences, Lowell, MA). After 5 days, cultures were 

washed with DMEM to remove cellular debris and maintained until subconfluency. 

Cellular debris, microglia, oligodendrocytes and their early precursor cells were then 

removed by shaking flasks overnight at 250 rev/min at 37 °C. The resulting cell 

population consisted of >98% primary rat astrocytes, as determined by 

immunocytochemical analysis using antibodies against glial fibrillary acidic protein 

(GFAP; Chemicon International, Temecula, CA). For all following experiments, cells 

were trypsinated and replated on 6-well cell culture plates coated with poly-D-lysine 

(PDL; 0.1 mg/ml).  

Exposure of cells to benzenthonium chloride and S(+)-ketamine 

Cells were treated for 24h at 37°C with medium alone as negative control, or 

indicated concentrations of S(+)-ketamine, benzethonium alone, S(+)-ketamine and 

benzethonium chloride or Ketanest S (Pfizer, Berlin, Germany) diluted in cell 

culture medium.  

Flowcytometric analysis 

For evaluation of cytotoxic effects cells were stained after complete incubation prior 

to flowcytometric analysis. The principle of double staining with annexin-V and 7-
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aminoactinomycin D (7AAD) has been described before.11,12 In brief, staining of cells 

with annexin-V and 7AAD allows to distinguish 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 flowcytometric 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 of 15 min at room 

temperature with 5 µl annexin-V and 5 µl 7AAD (5 µg/ml) we started measuring with 

a FACScalibur (Becton Dickinson, Heidelberg, Germany) using CellQuest Pro 

software. Every measurement includes 10.000 cells.  

Detection of mitochondrial metabolic activity 

For in vitro determination of mitochondrial viability we used the tetrazolium hydroxide 

(XTT) assay. XTT, a yellow tetrazolium salt, is cleaved to a soluble orange formazan 

dye, which can be measured by absorbance. 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. Neuroblastoma cells were incubated in a 

density of 20,000 cells/Well, while primary rat astrocytes were adjusted to 100,000 

cells/Well according to their lower metabolic rate. Subsequent to incubation time, 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.  

Statistical analysis 

Each experiment was performed threefold. Results are expressed as mean ± SD. 

Comparisons between groups were made with Student’s t-test using the SPSS 

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

The calculations of concentration-response relationships and LD50 values were 

performed with non-linear regression analysis using the Graph Pad Prism Software 

version 5.0 (GraphPad Software Inc., La Jolla, CA) with the log(inhibitor) vs. 

response mode assuming variable slopes. Resulting equations in the form of 
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[response=bottomvalue+(topvalue-bottomvalue)/(1+10^((LogLD50-concentration) 

*HillSlope))] were used to draw concentration-response slopes and the isobole (± 

confidence interval 95%) for benzethonium, S(+)-ketamine and the equitoxic 

combination of both drugs. An isobologram is a commonly used method to assess 

combined drug effects. Therefore, a graph of equally effective dose pairs (isoboles) 

for a single effect level is drawn. A particular effect level is selected, such as 50% of 

the maximum (LD50) and concentrations of drug A and B (each alone) that give this 

effect are plotted as axial points in a Cartesian plot. This graph represents the locus 

of points (concentration pairs) that lead to a simply additive effect. Experimentally 

observed concentration pairs which produce this specific effect level can be 

compared with the line of additivity to discriminate between subadditive, additive and 

superadditive effects.13 

 

Results  

In Jurkat T-lymphoma cells S(+)-ketamine (2 mM) and the preservative 

benzethonium (5 µM) induced 31.8 ± 6.2% and 32.3 ± 5.5% cell death, respectively 

(Fig. 1A). Addition of benzethonium to the preservative free S(+)-ketamine as well as 

the commercially available mixture Ketamine S® increased the toxicity to almost 

threefold (86.3 ± 1.9% and 80.8 ± 6.7%, respectively).  All treatments increased the 

percentage of apoptotic cells.  

In neuroblastoma cells the concentrations of all solutions were chosen in the linear 

part of the concentration-effect curve. In this setting benzethonium alone did not lead 

to an increased percentage of cell death in human neuroblastoma cells, whereas co-

administration of benzethonium to S(+)-ketamine (4 mM) increased its toxicity 

significantly from 63.7 ± 1.4% to 84.4 ± 6.6% (Fig. 1B). Again, mixture of 

benzethonium with S(+)-ketamine and the commercially available mixture (Ketanest 

S®) induced the same amount of apoptosis and cell death (Fig. 1B). 

To discriminate the ability of benzethonium and S(+)-ketamine to have a subadditive, 

additive or  superadditive toxic effect, we first investigate the dose response 

relationship and the calculated LD50 of these substances in human neuroblastoma 

(SHEP) cells and primary rat astrocytes of the rat using the XTT assay. The dose 

response curves (Fig. 2) based on increasing doses of S(+)-ketamine and 

benzethonium allowed to calculate the LD50.  
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Figure 1: 

 

Fig. 1: Percentage of cell death after 24 h incubation of Jurkat lymphoma cells (A) 
and neuroblastoma cells (B) with benzethonium, S(+)-ketamine and the mixture of 
those or the commercially available mixture (Ketanest S®). Black bars delineate late 
apoptotic or necrotic cell death (Annexin-V pos./7AAD pos.), empty bars delineate 
early apoptotic cell death (Annexin-V pos./7AAD neg.). Data are given as mean ± 
standard deviation. * delineates p<0.05, n.s. = not significant. (n + 3) 
 
 

 

Figure 2: 

 

Fig. 2: Dose-response relationship of S(+)-ketamine (A) and benzethonium (B) in 

neuroblastoma cells (SHEP) and primary rat astrocyte cell cultures.  Cell viability was 

measured by XTT-assay evaluating the mitochondrial activity (% of control) after incubation 

with S(+)-ketamine or benzethonium for 24 h. Black points delineated mitochondrial activity 

in primary rat astrocytes, grey points delineated mitochondrial activity in human 

neuroblastoma (SHEP) cells. Each measure point is delineated as mean ± standard deviation. 

(n = 3) 
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Subsequently, an isobologram was established to compare the calculated additive 

effect with the observed effect of the drug combination. The LD50 of S(+)-ketamine 

was 4.0 mM in human neuroblastoma (SHEP) cells and 4.7 mM in primary rat 

astrocyte. The LD50 of benzethonium was 10.2 µM in human neuroblastoma (SHEP) 

cells and 9.5 µM in primary rat astrocytes, showing the differential sensitivity of 

different cell lines to the LD50 of these substances. To evaluate the LD50 of the 

combined substances, the cells were exposed to increasing fractions (20-80%) of the 

LD50 of both substances in combination (Fig. 3).  

 

Figure 3: 

 

 
Fig. 3: Combined effect of S(+)-ketamine and benzethonium: Cell viability was 
measured in human neuroblastoma (SHEP) cells (A) and primary rat astrocytes (B) 
by XTT-assay evaluating the mitochondrial activity (% of control). S(+)-ketamine and 
benzethonium were incubated in combination using equitoxic concentrations. 
Therefore, increasing fractions of the calculated LD50 of each substance were 
combined to establish a dose-response relationship. For example, 60% of the LD50 
(2.09 mM) of S(+)-ketamine and 60% of the LD50 (6.11 µM) of benzethonium in 
human neuroblastoma (SHEP) cells lead to a reduction of mitochondrial activity by 
69±4%. Based on this dose-response relationship, a LD of the combination of S(+)-
ketamine  and benzethonium was calculated. 
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The results were used to calculate the combined LD. The combined LD50 was 

applied to an isobologram of each cell line (Fig. 4). The combined LD50 was within 

the borders of the 95% confidence interval of the corresponding isobol indicating an 

additive effect in both cell lines.  

 

Figure 4: 

 

Fig. 4: Isobolograms of S(+)-ketamine and benzethonium in human neuroblastoma 
(SHEP) cells (A) and primary rat astrocytes (B). The straight black line connects the 
LD50 of S(+)-ketamine and benzethonium resulting in locus of points (dose pairs) 
that will produce this effect in a simply additive combination. The confidence interval 
(95%) is represented by the dashed lines. The black data point indicates the 
calculated half-maximal concentrations (LD50) resulting from the experimentally 
observed dose-response relationship of S(+)-ketamine and benzethonium in 
combination. Error bars indicate confidence intervals (95%). 

 

Discussion  

Although preservatives added to ketamine have often been accused to induce 

neurotoxicity, we showed that the toxic effects of S(+)-ketamine and benzethonium 

are additive in human lymphoma and neuroblastoma cells and primary rat astrocytes. 

In a first step of this study, we focused on the apoptosis inducing and therefore cyto- 

and neurotoxic effects of S(+)-ketamine and benzethonium in a clinically used ratio 

(e.g. Ketanest S). We demonstrated that the toxic effects of S(+)-ketamine and 
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benzethonium are at least additive in human lymphoma and neuroblastoma cells. 

Furthermore, apoptosis was found to be the predominant mode of cell death induced 

by S(+)-ketamine and benzethonium and their mixture. Thus, in cells of 

mesenchymal and ectodermal orgin the toxicity of S(+)-ketamine was increased by 

benzethonium. 

In a second step of this study, we investigated the dose-toxicity relationship of S(+)-

ketamine and benzethonium alone and in combination in neuronal and glial cell 

cultures to determine whether their toxicities are additive. In both cell types each 

substance alone displayed an almost identical LD50 but a different slope. Therefore, 

these substances seem to have similar toxicities in a wide variety of cell types. 

Finally, these substances displayed additive toxicities in both cells types.  

In regard to the toxicity of benzethonium alone in human neuroblastoma cells the 

sensitivity of our assays (AnnexinV/7AAD and XXT) varied. While the 

AnnexinV/7AAD assay could identify apoptosis as the predominant mode of cell 

death, it has shortages in quantifying the total viability of cells by neglecting cells 

which already disappeared by lysis. Therefore, we instituted the XTT assay, because 

it quantifies the total viability of all cells and used this assay to determine the 

additivity of the toxicities. Therefore, the quantitative toxicity of benzethonium alone in 

neuroblastoma cells in the AnnexinV/7AAD assay is presumably underestimated.  

Our results are in contrast to those of Errando et al. who demonstrated that only 

benzethonium is neurotoxic in vivo and its toxicity is even ameliorated by ketamine.6 

Apart from methodological differences the authors used a benzethonium 

concentration about 40-times higher than used in the presented investigation leading 

possibly to a over-exaggeration of benzethoniums effects. Neuraxial application of 

ketamine in man demands a conscientious risk-benefit analysis.3,4,8 Thus, neuraxial 

application of S(+)-ketamine with benzethonium should be even more restricted, 

since benzethonium increases the toxicity of S(+)-ketamine. Unfortunately, 

preservative free S(+)-ketamine solutions have to be stored in a cool environment 

(4ºC) and used at room temperature within 12 h, which limits their application in pain 

medicine. Although benzethonium containing ketamine has been applied epidurally in 

the past without neurological sequela9, the here demonstrated additive toxicity 

demands caution applying benzethonium containing ketamine solutions epidurally. 
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We demonstrated that benzethonium and of S(+)-ketamine display additive toxicity in 

neuronal and glial cell cultures. Surely this data can not be extrapolated to the clinical 

situation. But since clinical data on the safety of this drug combination are lacking, 

epidural application of these drugs should be restricted. 
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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. 

 



 108

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 
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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.  



 121

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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Abstract 

Introduction: The neurotoxic properties of local anesthetics can lead to transient 

neurologic symptoms and rarely to irreversible neuronal damage. Clinically, local 

anesthetics are often combined with adjuvants to improve or prolong the anesthetic 

effect, but the impact of such adjuvants on lidocaine-induced apoptosis is unclear. 

Therefore, we investigated the influence of different adjuvants on the neurotoxicity of 

lidocaine. 

Methods: Human neuroblastoma (SHEP) cells and primary rat astrocytes were 

incubated for 24 h with lidocaine in a toxic concentration alone and in combination 

with morphine, sufentanil, clonidine, epinephrine, neostigmine, ketamine and 

midazolam. Subsequently, the rates of cell death and early apoptosis were measured 

by annexin-V / 7-AAD double staining and flow cytometry in SHEP cells, while 

astrocytes viability was analyzed by mitochondrial activity. Additionally, isobolograms 

were calculated to describe additive effects of lidocaine with ketamine or midazolam, 

respectively.   

Results: The combination of lidocaine with sufentanil, clonidine, epinephrine and 

neostigmine did not alter the rates of cell death compared to cells treated with 

lidocaine alone, while morphine improved viability of astrocytes. In contrast, co-

incubation of lidocaine with ketamine or midazolam led to significantly increased 

rates of cell death in SHEP cells and astrocytes. The combined toxicity of ketamine 

and lidocaine was additive, while the combined toxicity of midazolam and lidocaine 

only subadditive.  

Conclusions: Sufentanil, clonidine, epinephrine and neostigmine do not influence 

neurotoxicity of lidocaine in vitro. Morphine may have some cytoprotective effect in 

concentrations above those seen intrathecally in humans. In contrast, ketamine and 

midazolam increase the neurotoxicity of lidocaine in vitro, presumably by additive 

induction of mitochondrial apoptosis. 
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Introduction  

Local anesthetic-induced neurotoxicity is a rare but severe problem. Neurotoxicity of 

local anesthetics can lead to neurological complications like cauda equina syndrome 

or transient neurologic syndrome after spinal anesthesia.1,2 Lidocaine is the local 

anesthetic most often linked to local neurotoxicity.2,3 Apoptosis has been established 

as the major mechanism of neurotoxicity by local anesthetics, especially in marginally 

toxic concentrations.4-8 Lidocaine-induced apoptosis is mediated via the 

mitochondrial pathway independent of death receptor signaling.7 Similarly, ketamine 

and midazolam were reported to induce apoptosis by activation of the mitochondrial 

pathway.9,10 Since these substances all induce toxicity via the same pathway, one 

might presume that toxicities of ketamine and midazolam further enhance the toxicity 

of lidocaine. 

Clinically, intrathecal, epidural and perineural combinations of local anesthetics with 

adjuvant drugs like opioids, clonidine, epinephrine, neostigmine, ketamine and 

midazolam are used to improve or prolong neural blockade.11-13 Recently, an editorial 

and a review focusing on pharmacologic adjuvants in single-injection peripheral 

nerve blocks for patients with diabetes mellitus strongly recommended research 

regarding injectable analgesic adjuvants for combination with local anesthetics.14,15 

One important aspect is, that the use of adjuvants might provide the desired 

analgesia, while reducing the risk of toxicity of local anesthetics.16 Although at first 

glance this reasoning seems sensible, there is inadequate safety data on most of 

these adjuvants. Recently, we demonstrated that lidocaine, ketamine and midazolam 

all induce apoptosis via the mitochondrial pathway and are toxic in neuronal and glia 

cells in a concentration-dependent manner.7,9,10,17 Thus, we hypothesized that 

ketamine and midazolam increase the toxicity of lidocaine at least in an additive 

manner. Therefore, we screened in our established model of local anesthetic-induced 

toxicity possible additive toxicity of morphine, sufentanil, clonidine, epinephrine, 

neostigmine, ketamine and midazolam when added to a toxic concentration of 

lidocaine. 

Since in vivo local anesthetics induce toxicity in neuronal as well as glial cells,18,19 we 

investigated the combination of lidocaine and adjuvants at first in neuronal as well as 

glial cells in clinically used mixing ratios. Furthermore, to have some margin of safety 

we investigated the same adjuvants in a tenfold increased concentration than used 

clinically. Since the primary rodent astrocyte model had steeper dosis-effect curves in 
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investigating combined drug toxicities,17 this model seems to be more feasible when 

investigating margins of safety with the tenfold higher adjuvant concentration. For the 

same reason this model was used to analyse the combined toxicities in a quantitative 

manner using isobologramms.20 

Hence, the present study focuses on the possible additional toxicity of clinically used 

adjuvants when combined with lidocaine in neuronal and glial cells. 

 

 

Material and Methods 

Reagents 

Preservative-free lidocaine hydrochloride, ketamine hydrochloride and morphine 

hydrochloride were purchased from Sigma Aldrich in their highest available purity (St. 

Louis, MO). Preservative-free clonidine (2-(2,6-dichloroanilino)-2-imidazoline 

hydrochloride) was purchased from Boehringer Ingelheim (Ingelheim, Germany). 

Preservative-free midazolam hydrochloride was provided by Ratiopharm (Ulm, 

Germany). Epinephrine hydrochloride was obtained from Sanofi-Aventis (Frankfurt, 

Germany) in a solution containing chlorbutanol and natriummetabisulfate. 

Preservative-free sufentanil (Hexal, Holzkirchen, Germany) was used in the highest 

commercially available concentration and was further diluted with cell culture medium 

to adjust to desired concentration for experiments. Preservative-free naloxone 

hydrochloride was purchased from Bristol-Myers Squibb (Anagni, Italy). Roswell Park 

Memorial Institute (RPMI) 1640 cell culture medium, Dulbecco's modified Eagle 

medium (DMEM) and phosphate-buffered saline (PBS) without calcium and 

magnesium were purchased from Gibco, Invitrogen (Carlsbad, CA).  

Cell culture  

For primary astrocytes, cell preparation was done from cerebral cortices of P2 Wistar 

rats. After approval of the local Animal Research Committee, rats were anesthetized 

using Forene® (Abbott, Abbott Park, IL), decapitated, and the brains quickly 

removed. To avoid fibroblast or endothelial contamination, cortical tissue was 

carefully isolated from blood vessels and meninges, rinsed with DMEM, dissociated 

by trypsinization, and suspended in DMEM supplemented with 10% fetal bovine 

serum (FBS; Invitrogen), penicillin (80 units/mL), and streptomycin (0.2 mg/mL). 

Dissociated cells were plated in 75-cm2 culture flasks (Corning Incorporated Life 
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Sciences, Lowell, MA). After 5 days, cultures were washed with DMEM to remove 

cellular debris and maintained until subconfluency. Cellular debris, microglia, 

oligodendrocytes and their early precursor cells were then removed by shaking flasks 

overnight at 250 rev/min at 37 °C. The remaining cell population harvested from 

shaking flasks consisted of >98% primary rat astrocytes, as determined by 

immunocytochemical analysis using antibodies against glial fibrillary acidic protein 

(GFAP). For all following experiments, astrocytes were detached by incubation with 

Accutase (Invitrogen) for 3 min at 37°C, counted and replated on 96-well cell culture 

plates coated with poly-D-lysine (PDL; 0.1 mg/mL).  

Human neuroblastoma cells (SHEP) have been characterized before21 and were 

grown in RPMI 1640 medium with L-glutamine, supplemented with 10% heat-

inactivated fetal calf serum and 50 U/mL penicillin and 50 µg/mL streptomycin.  

All cells were cultured under equal conditions including a humidified atmosphere 

containing 5% carbon dioxide at 37°C. Prior to the experiments, cells were cultured 

overnight in complete medium at a concentration of 4 x 105
 

cells/mL to allow 

logarithmic growth. Cells were incubated for 24 h with fresh medium alone as 

negative control, morphine, sufentanil, clonidine, epinephrine, neostigmine at 

indicated concentrations alone or each in combination with 6 mM lidocaine. Toxicity 

of ketamine and midazolam alone were described previously in our model.9,10 The 

concentrations of the additives were calculated from those used clinically when co-

administred with local anesthetics intrathecally. To have a margin of safety for 

substances that were not toxic at these initial concentrations the concentrations were 

increase tenfold. For the substances being toxic with the initial concentrations further 

concentrations were selected to get an adequate dosis-response curve. 

 

Detection of Early Apoptosis 

The fraction of cells in an early state of apoptosis was determined by staining cells 

with annexin-V and counterstaining with 7-aminoactinomycin (7-AAD). Annexin-V 

binds to phosphatidylserine on the outer leaflet of the plasma membrane. 7-AAD is 

excluded by cells with intact membranes. Positive 7-AAD staining is therefore a sign 

of necrosis, whereas cells positive for annexin-V, but negative for 7-AAD are 

generally defined as early-apoptotic.22 Briefly, to determine early apoptosis, cells 

were washed twice with cold PBS and resuspended in 90 µL of annexin binding 
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buffer (10 mM N-[2-hydroxyethyl]piperazin-N'-3[propansulfonicacid] / NaOH, pH 7.4, 

140 mM NaCl, 2.5 mM CaCl2) at a concentration of 1 × 106 cells/mL. Next, 5 µL of 

annexin-V and 5 µL 7-AAD (1 mg/mL) were added and samples incubated for 

additional 20 minutes before analysis.  

All FACS analyses were performed on a FACScalibur (Becton Dickinson, Franklin 

Lakes, NJ) using CellQuest analysis software (BD Biosciences, Franklin Lake, NJ). 

For each determination, a minimum of 10,000 cells were analyzed.  

Detection of mitochondrial metabolic activity.  

For in vitro determination of mitochondrial viability we used the tetrazolium hydroxide 

(XTT) assay. XTT, a yellow tetrazolium salt, is cleaved to a soluble orange formazan 

dye, which can be measured by absorbance. 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. Neuroblastoma cells were incubated in a 

density of 20,000 cells/Well, while primary rat astrocytes were adjusted to 100,000 

cells/Well according to their lower metabolic rate. Subsequent to incubation time, 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. 

Statistical Analysis 

All experiments were performed at least three times. Results are expressed as 

means ± standard deviation. All calculations were made using the Graph Pad Prism 

Software version 5.0 (GraphPad Software Inc., La Jolla, CA). Comparisons of effects 

of drug combinations to those of lidocaine alone were made by one-way analysis of 

variance (ANOVA) followed by Bonferroni’s multiple comparisons post-hoc test. P < 

0.05 was considered significant. The calculations of concentration-response 

relationships and LD50 values were performed with non-linear regression with the 

log(inhibitor) vs. response mode assuming variable slopes as described before.17 

Resulting equations in the form of [response=bottomvalue+(topvalue-

bottomvalue)/(1+10^((LogLD50-concentration)*HillSlope))] were used to draw 

concentration-response slopes and the isobole (± confidence interval 95%) for 

lidocaine, ketamine, midazolam and the equitoxic combination of lidocaine with both 

adjuvant drugs. An isobologram is a commonly used method to assess combined 

drug effects.20 Therefore, a graph of equally effective dose pairs (isoboles) for a 
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single effect level is drawn. A particular effect level is selected, such as 50% of the 

maximum (LD50) and concentrations of drug A and B (each alone) that give this effect 

are plotted as axial points in a Cartesian plot. This graph represents the locus of 

points (concentration pairs) that lead to a simply additive effect. Experimentally 

observed concentration pairs which produce this specific effect level can be 

compared with the line of additivity to discriminate between subadditive, additive and 

superadditive effects.20 

 

Results 

FACS analysis with annexin-V / 7-AAD double staining revealed that incubation with 

lidocaine (6 mM) resulted in a rate of 51.1 ± 3.4% overall cell death in neuroblastoma 

cells after 24 h. A considerable amount (20.8 ± 1.1%) of cells had signs an early 

stage of apoptosis, i.e. stained positive for annexin-V and negative for 7-AAD. This 

concentration of lidocaine (6 mM) leading to cell death in approximately 50% of 

analyzed cells (LD50) was selected in order to be able to detect protective or toxic 

effects of the investigated adjuvants. The treatment of cells with morphine (30 µM), 

sufentanil (60 nM), clonidine (5 µM), epinephrine (7 µM) and neostigmine (12 µM) for 

24 h alone did not trigger a higher amount of cells undergoing apoptosis when 

compared to untreated cells. The co-incubation of lidocaine with morphine, sufentanil, 

clonidine, epinephrine and neostigmine at concentrations as stated above did not 

alter the rates of observed overall cell death and early-apoptotic cells in flow 

cytometry analysis (Fig. 1). In contrast, ketamine (2 mM) significantly increased the 

toxic effect of lidocaine, resulting in observed cell death in 89.7 ± 2.8% of analyzed 

cells including 14.6 ± 0.6% of cells undergoing early apoptosis (Fig. 1). Similarly, 

midazolam (100 µM) induced cell death in 83.7 ± 2.8% of analyzed cells including an 

early-apoptotic fraction of 26.3 ± 1.5% cells (Fig. 1). To reconfirm these findings in a 

primary glial cells carrying all relevant drug targets and functional signaling pathways, 

another set of experiments was conducted in primary rat astrocytes. These cells were 

incubated for 24 h with the adjuvants morphine, sufentanil, clonidine, epinephrine 

and neostigmine at a clinically relevant concentration and a concentration up to 10-

times higher to ensure a safety margin. 
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Figure 1. Effect of adjuvants on lidocaine-induced apoptosis in human 
neuroblastoma cells. Clinically relevant concentrations of morphine, sufentanil, 
clonidine, epinephrine, neostigmine, ketamine and midazolam were co-incubated for 
24 h with a half-maximal toxic concentration of lidocaine (6 mM) to identify additional 
effects. Early apoptotic cells (annexin-V positive, 7-AAD negative) and overall cell 
death (annexin-V positive) were analyzed by flow cytometry. Note that, while 
ketamine and midazolam increased the rates of apoptosis, all other investigated 
adjuvants did not influence lidocaine-induced apoptosis. Data presented as mean 
and standard deviation. Asterisks indicate significant differences compared to cell 
treated only with lidocaine (P < 0.05). 
 

Midazolam and ketamine were co-incubated with lidocaine at concentrations around 

the margin of toxicity, but well below concentrations as used clinically. As before in 

SHEP neuroblastoma cells, all investigated adjuvants except ketamine and 

midazolam did not increase the toxicity of lidocaine (Fig. 2). Morphine in a high 

concentration (60 µM) decreased toxicity to a small extent, whereas ketamine and 

midazolam increased the toxic effect of lidocaine (6 mM; see Fig. 2). Co-incubation of 

morphine (60 µM) for 24 h decreased the toxicity of lidocaine (6 mM) by 21.5 ± 4.2 

%. Co-incubation with naloxone hydrochloride in a concentration sufficient to reverse 

opioid receptor effects (50 µM) did not alter this effect (22.4 ± 3.1% decreased 

toxicity). Pretreatment with the pan-caspase inhibitor Q-VD (10 µM) significantly 

increased viability from 44.5 ± 3.1 to 78.7 ± 8.9 % with ketamine (3 mM) and from 
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78.5 ± 3.4 to 100.9 ± 2.8% with midazolam (100 µM) compared to untreated controls. 

This indicates that, also in primary astrocytes, apoptosis is the main mechanism of 

cell death when combined with lidocaine. 

 

Figure 2. Effect of adjuvants on lidocaine-induced apoptosis in primary rat 
astrocytes. Clinically relevant and ten times higher concentrations of morphine, 
sufentanil, clonidine, epinephrine, neostigmine, ketamine and midazolam were co-
incubated for 24 h with a toxic concentration of lidocaine (6 mM) to screen for 
additive toxic effects. The concentrations of ketamine and midazolam were chosen 
around their margin of toxicity. Viability of cells was analyzed by tetrazolium salt 
(XTT) assay of mitochondrial activity. The dotted line marks the level of mitochondrial 
activity after treatment with lidocaine without further adjuvants. Ketamine and 
midazolam decreased cell viability when co-incubated with lidocaine, while all other 
adjuvants investigated did not increase lidocaine-induced apoptosis. Morphine at a 
concentration of 60 µM increased mitochondrial activity in lidocaine-treated cells 
significantly. Data presented as mean and standard deviation. Asterisks indicate 
significant differences compared to cell treated only with lidocaine (P < 0.05). 
 

In order to investigate the additivity of the toxicity of lidocaine and ketamine as well 

as lidocaine and midazolam, the concentration-response relationship of all three 

single compounds was evaluated using the XTT assay for assessment of 

mitochondrial function and cell viability (Fig. 3). From these results, concentration-

response curves and values for half-maximal toxic effects (LD50) were calculated. 

Subsequently, isobolograms were established to compare the calculated additive 

effect with the observed effect of the drug combination. The LD50 were 7.6 ± 0.2 mM 
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for lidocaine, 7.0 ± 0.9 mM for ketamine and 229.4 ± 32 µM for midazolam in primary 

rat astrocytes.  

 

Figure 3: Dose-response relationship of lidocaine (A), ketamine (B) and 
midazolam (C) in primary rat astrocyte cell cultures. Cell viability was measured 
by XTT-assay evaluating the mitochondrial activity (% of control) after incubation for 
24 h. Each data point represents mean and standard deviation. Concentration-
response curves were drawn according to non-linear regression analysis. 
 
To evaluate the LD50 of the combined substances, the cells were exposed to 

increasing fractions (20-80%) of the LD50 of both substances in combination (Fig. 4).  

 

Figure 4. Combined effect of lidocaine with ketamine or midazolam as an 
adjuvant. Cell viability was measured in primary rat astrocytes by XTT-assay 
evaluating the mitochondrial activity (% of control). Ketamine (A) or midazolam (B) 
were incubated in combination with lidocaine using equitoxic concentrations. 
Therefore, increasing fractions of the calculated LD50 of each substance were 
combined to establish a dose-response relationship. For example, 60% of the LD50 
(4.6 mM) of lidocaine and 60% of the LD50 (4.2 mM) of ketamine led to a reduction of 
mitochondrial activity by 82.3 ± 3.8%. Each measure point is delineated as mean and 
standard deviation. 
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The results were used to calculate the combined LD50 and were plotted to 

isobolograms of both combinations (Fig. 5). The combined LD50 of lidocaine 

combined with ketamine was almost precisely on the isobol indicating a pure additive 

effect. In contrast, the combined LD50 of lidocaine and midazolam was higher than 

the upper border of the 95% confidence interval of the corresponding isobol. This 

indicates a subadditive toxic effect of midazolam when used in combination with 

lidocaine. 

 

 

Figure 5. Isobolograms of ketamine and midazolam as adjuvants to lidocaine in 
primary rat astrocytes. The straight black line connects the LD50 of lidocaine and 
ketamine (A) or midazolam (B) resulting in locus of points (dose pairs) that will 
produce this effect in a simply additive combination. The confidence interval (95%) is 
represented by the dashed lines. The black data point indicates the calculated half-
maximal concentrations (LD50) resulting from the experimentally observed dose-
response relationship indicated as mean and standard deviation. Note that the 
experimentally observed effect of equitoxic concentrations of lidocaine and ketamine 
was within the confidence interval of the predicted effect, indicating an additive effect. 
In contrast, the combined concentrations of lidocaine and midazolam needed to 
produce a half-maximal toxic effect were higher than predicted, indicating a 
subadditive effect. 
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Discussion 

In our in vitro model of lidocaine-induced toxicity on neuronal cells and astrocytes the 

clinically used adjuvants morphine, sufentanil, clonidine, epinephrine and 

neostigmine did not alter the toxicity of lidocaine. Morphine in a high concentration 

had a protective effect that could not be blocked by nalaxone. Contrarily, ketamine 

increased toxicity in an additive manner and midazolam in a subadditive manner. 

Both substances enhanced lidocaine-induced apoptosis and the resulting toxicity 

could be blocked by a caspase inhibitor. 

In the presented study we revealed that ketamine and midazolam increased the 

neurotoxicity of lidocaine in vitro, whereas the other adjuvants had no toxic effect. 

Although the concentrations of lidocaine and the investigated adjuvants may occur 

only transiently after single shot spinal anesthesia and not over 24 h as in our 

experiments, maldistribution of the local anesthetics intrathecally may lead to a long 

exposure of higher concentrations of local anesthetic and subsequent neurological 

damage.23  

Epinephrine is commonly co-administered as an adjuvant in regional anesthesia as a 

marker for systemic toxicity or in the intention to induce vasoconstriction and 

therefore slow the clearance of local anesthetic from the site of injection.24,25 

Regarding toxicity, epinephrine has been shown to be potentially neurotoxic when 

used as a adjuvant to local anesthetics neuraxially.26 Hashimoto and coworkers 

found an increase of lidocaine-induced neurotoxicity with persistent sensory 

impairment and histologic damage in rats after intrathecal co-administration with 

epinephrine, while epinephrine alone did not induce neurotoxicity.27 The authors 

therefore presumed that epinephrine-induced vasoconstriction may be the 

responsible mechanism, leading to a reduction in blood flow and a delayed 

absorption of lidocaine, hence increasing local anesthetic exposure and toxicity. This 

might explain the conflicting results of the present study, as effects of 

vasoconstriction and delayed resorption cannot be adequately simulated in a cell 

culture model.  

Clonidine has been demonstrated to be clinically efficacious in combination with local 

anesthetics for neuraxial28 and peripheral nerve block.29-32 As with epinephrine, the 

possible toxicity of clonidine may be related to local vasoconstriction as seen after 

chronic application and leading to an altered capillary permeability.33 But in general, 

clonidine has a well-accepted safety profile for epidural and intrathecal 
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application.34,35 In the present study clonidine did not alter toxicity of lidocaine. Again, 

an in vitro study cannot control for possible effects related to its local vasoconstrictor 

action.  

Opioids are the most commonly used adjuvants for neuraxial blockade.13,36 Although 

many opioids have been used intrathecally and epidurally, we investigating only 

morphine and sufentanil. These are not only the most often used opioids neuraxially, 

but also represent a the hydrophilic opioid with low potency and a lipophilic opioid 

with high potency. The present investigation found no increased lidocaine-induced 

apoptosis and neurotoxicity after combination with morphine or sufentanil. Although 

not tested, it seems unlikely that other opioids could increase lidocaine-induced 

toxicity. Quite the opposite was the case, a high concentration of morphine slightly 

improved cell viability. Morphine increased mitochondrial activity and thus viability in 

lidocaine-treated cell cultures. This effect may be related to a general cytoprotective 

property of morphine.37,38 However, sufentanil had no protective effect and the 

protective effect of morphine could not be blocked by naloxone. Thus, with al 

likelihood the protective effect of morphine is rather unspecific and unrelated to its 

action at the opioid receptor. Furthermore, the effect was small and occurred in 

concentrations far above those used clinically.  

Neostigmine, as a cholinesterase inhibitor that produces muscarinic receptor-

mediated analgesia, improves postoperative analgesia when combined with local 

anesthetics for neuraxial block.13,39-42 Although studies displaying the margins of 

safety are missing, there are no reports of neurotoxicity so far. In accordance, the 

present study found no influence of neostigmine on lidocaine-induced apoptosis. 

Ketamine, a non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist, is 

applied epidurally and intrathecally for the treatment of postoperative, chronic cancer 

pain and neuropathic pain.43,44 Ketamine and other NMDA antagonists have been 

shown to induce neurotoxicity when applied intrathecally over days and weeks.45-47 

Activation of the mitochondrial pathway of apoptosis was recently demonstrated to be 

the responsible mechanism for the neurotoxicity of ketamine in vitro.9 Since lidocaine 

induces apoptosis via the same pathway7, an additive effect as observed here seems 

consequential. 

Midazolam is increasingly used as an adjunct for spinal anesthesia,48 prolonging 

analgesia, reducing nausea and vomiting49,50 and increasing cardiovascular 

stability.51 Regarding possible neurotoxicity of midazolam, data are contradictory.52,53 
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On the one hand in hundreds of patients no neurotoxiciy was observed,51 while on 

the other hand severe neurotoxicity has been described in most animal models of 

spinal anesthesia.45,54-56 As with lidocaine and ketamine before, we demonstrated 

that midazolam induces apoptosis via activation of the intrinsic pathway.10 Therefore, 

it is not astonishing that midazolam enhances lidocaine-induced apoptosis. In 

contrast to ketamine this effect was subadditive for unknown reasons. 

Ketamine, midazolam and lidocaine all induce toxicity via the same pathway of 

apoptosis and there is no reason to believe that this toxicity is reserved to neuronal or 

glia cells. Apoptosis induction of nearly all common local anesthetics has been 

demonstrated in many different tissues.7,8 Thus, synergistic cytotoxicity may also be 

relevant in any other tissues where toxicity of local anesthetics have been described, 

i.e. muscle,57 cartilage58 and corneal endothelium.59 Therefore, the injection of so-

called analgesic cocktails into different tissues may necessitate more caution than 

presently given. 

Obviously, the cell culture experiments of the presented study have limitations in 

translating data to the in vivo situation: Human neuroblastoma cells are growing and 

dividing during the exposure to the investigated substances rather than being mature 

terminally differentiated neurons. Therefore, primary cell astroglial cell cultures were 

used in addition. But again, also these primary cells cultures are far away from a 

clinical situation and the toxic concentrations described here may only be observed 

for a short time in tissues of patients. Nevertheless, local anesthetic toxicity is rare, 

but - as it occurs - devastating for the patient. Thus, when searching for additives 

which may reduce the required dose of local anesthetic to diminish the 

neurotoxicity,14 it may be prudent to choose those additives who do not have a record 

of being neurotoxic in vitro or in vivo. 

In conclusion, midazolam and ketamine increase the toxicity of lidocaine and 

presumably other local anesthetics. Ketamine has an additive toxicity, whereas the 

effect of midazolam is only subadditive. These synergistic effects may be explained 

by the same mechanism of action via the mitochondrial pathway of apoptosis of all 

three substances. Translation of these results to the clinically situation is difficult. 

Nevertheless, the co-administration of local anesthetics and midazolam or ketamine 

may potentially increase their toxicity and further research is needed to clarify 

indications and margins of safety. 
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General discussion 

The presented data demonstrate that local anesthetics induce apoptosis and, with 

increasing concentrations, necrosis. Apoptosis is induced via the mitochondrial 

pathway by incorporating Bax-channels into the outer mitochondrial membrane 

leading to release of cytochrome c and other proapoptotic substances.1 The toxicity 

of local anesthetics correlates with their lipophilicity and thus their conduction-

blocking potency and is independent of chemical structure (ester vs. amide) or 

stereoisomerism. Therefore, the toxic effect does not seem to be induced via a 

specific “receptor” to which local anesthetics bind as a specific ligand. The 

concentration-response curves are steep, indicating a rather unspecific, possibly 

purely physicochemical effect.  

Likewise, ketamine and midazolam, which are clinically used as adjuvants to local 

anesthetics, induce apoptosis via the mitochondrial pathway. Furthermore, their local 

neurotoxicity is independent of NMDA- or GABAA-receptor signaling, respectively. 

The same mechanism of toxicity as local anesthetics suggested that the combined 

toxicity could at least be additive. In fact, the combined toxicity of ketamine and 

lidocaine was additive and the combined toxicity of midazolam and lidocaine 

subadditive. Likewise, benzethonium increased the toxicity of ketamine in an additive 

manner. Therefore, combining these drugs in clinical practice for local or regional 

anesthesia must be done with extreme caution, and if these adjuvants are used, a 

reduction in local anesthetic dose would seem prudent. In contrast, all other clinically 

used adjuvants (opioids, clonidine, epinephrine, neostigmine) did not enhance the 

toxicity of lidocaine in vitro. Therefore, combining them with local anesthetics and 

thus reducing the required local anesthetic concentration seems a useful concept to 

avoid local anesthetic neurotoxicity. In summary, the mechanism of toxicity of local 

anesthetics and clinically used adjuvants was elucidated and drug mixtures with 

increased toxicity identified. 

 

Critique of methods 

Starting point of these investigations was the clinical neurotoxicity of different local 

anesthetics. Clinically, local anesthetic-induced neurotoxicity is a rare, but potentially 

devastating, complication of regional anesthesia.2 Thus, investigating this subject 
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clinically would require screening of an enormous number of patients. Assuming an 

incidence of 0.01‰ permanent nerve injury as has been described in observational 

studies,3 a group size of 204.916 patients would be required in order to detect a 30% 

difference in nerve lesion percentage with a 90% power and an alpha of 0.05 

(nQuery Advisor 7.0; Statistical Solutions Ltd., Cork, Ireland). Such research will be 

unfeasible in the light of the low rate of serious neurotoxicity. Furthermore, clinically 

observed nerve damage is always difficult to diagnose as local anesthetic-induced 

neurotoxicity. A myriad of other causes might cause perioperative neuropathy.4 

• Damage to the neural structures by the needles used to perform a nerve 

block. 

• High pressure during local anesthetic injection leading to pressure lesion and 

ischemia of the nerve. 

• Nerve lesions caused by perioperative positioning. 

• Nerve damage cause by use of a tourniquet, especially with high cuff 

pressures and prolonged ischemia time. 

• Direct or indirect nerve damage during the surgical procedure caused with 

knifes, retractors, electro cautery or any other surgical instrument. 

• Unrelated nerve infection/inflammation acquired perioperatively causing 

chronic pain syndromes, numbness or paralysis. 

• Neuromuscular pain syndromes provoked by other causes in the perioperative 

period. 

• Preexisting neuropathies (e.g. diabetic neuropathy) may increase the 

susceptibility of nerves to pressure or toxicological injuries. 

Thus, it is nearly impossible to evaluate toxicity of local anesthetics and their 

adjuvants using clinical investigations. Furthermore, clinical trials are inadequate to 

discern mechanistic pathways. Therefore, we chose an experimental setting to 

investigate the subject. We studied the subcellular mechanism of apoptosis induction 

by local anesthetics and their adjuvants in an in vitro model. Proof of in vivo 

neuroapoptosis following application of local anesthetics is, to date, lacking, even 

though apoptosis was identified in vitro 15 years ago.5 Of course, in many in vivo 

studies, local anesthetic-induced neurotoxicity was demonstrated and with all 
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likelihood the neurotoxicity is induced by neuroapoptosis. However, no study 

demonstrated apoptosis directly in an in vivo model.  

In addition, we wanted to compare various local anesthetics, their stereoisomers and 

antagonists, and clinically relevant adjuvants (in total 20) over a wide concentration 

range, and using clinically meaningful combinations of the substances. Therefore, it 

seemed prudent to use an in vitro model instead of an in vivo model, which obviously 

might resemble the clinical situation more.   

Thus, the in vitro models chosen here are obviously distant from the clinical 

situation. The cell culture models have several limitations in translating data to the in 

vivo or clinical situation: Human neuroblastoma and Jurkat T-lymphoma cells are 

immortalized, growing and dividing during the local anesthetic exposure rather than 

being mature terminally differentiated neurons. Neuroblastoma cells are derived from 

malignant neural crest cells, which would ordinarily differentiate into the sympathetic 

chain, adrenal glands, or dorsal root ganglia. Nevertheless, despite those limitations, 

our model of a human cell line seems even more sensitive in detecting minor 

differences between different local anesthetics compared to in vivo studies. 

Furthermore, we retested our results from those tumor cells in primary rat glial or 

neuronal cell cultures. Although tumor cells like neuroblastoma or Jurkat-cells often 

have altered apoptosis pathways disinhibiting their growth, the tumor cells were more 

sensitive to the investigated substances than the primary neuronal or glial cell 

cultures or than their toxicities described in vivo.6-12 

The concentrations of local anesthetics that induced apoptosis in our model 

are within the same range as those observed intrathecally after single-shot spinal 

anesthesia in man or primates and in sciatic nerves of rats after intraneural 

injection.13-15
 Therefore, potentially neurotoxic concentrations are reached clinically. 

However, after a single-shot spinal anesthesia or peripheral nerve block these 

concentrations are only observed during the first hour after injection, whereas in the 

presented cell culture model the concentrations were kept constant for 24 h. It is well 

known that beyond the concentration, the duration of exposure to a local anesthetic 

is important for the development of neurotoxicity, therefore permanent neurotoxicity 

after single application is a rare complication clinically. In a small sample of patients 

undergoing peripheral nerve blockade, intraneural injection of lidocaine 2% (≈ 78 

mM) for single shot sciatic nerve block did not lead to any functional nerve damage, 
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although this concentration is more than eight times the in vitro LD50 concentration 

observed here.15 Again, direct comparison of these results is difficult, since the 

concentrations observed after a single shot nerve block will decline rapidly while the 

concentrations were kept constant in our in vitro experiments.  

Another important disadvantage of our model is that the cell line and cell cultures 

were composed just of one cell type. Thus, we could not evaluate effects that might 

have been due to tissue interactions. The most important point possibly missed is the 

potentially vasoconstrictive action of tested substances. Especially epinephrine and 

clonidine are known to have a strong vasoconstrictive action via vascular alpha-

adrenoreceptors. This effect can lead to increased tissue concentrations of local 

anesthetics over a longer period of time. Since local anesthetic toxicity is dependent 

on both concentration and exposure time, epinephrine and clonidine may by this 

mechanism increase the neurotoxicity of local anesthetics. Such possible effects 

cannot be identified in our in vitro models. Furthermore, the local anesthetics 

themselves and even different stereoisomers have variable vasoactive properties.16-

19 Obviously, these effects may be missed in our studies. Since the vasoconstrictor 

action of local anesthetics seems to correlate with lipophilicity the toxicity of lipophilic 

substance may in vivo be even increased.20 However, the local anesthetic 

concentrations inducing vasoconstriction are in the millimolar range and thus may 

only be reached for a short period clinically after a single shot block. Since for the 

studies presented the concentrations were kept constant this vasoconstrictor effect of 

the local anesthetic could not influence the observed neurotoxicity. 

In conclusion, the experimental setting of the presented investigations is not a 

precise resemblance of the clinical situation during regional anesthesia. Therefore, 

any conclusions from our experiments to the clinical situation must be drawn with 

extreme caution. However, the questions and hypothesis investigated and answered 

in this thesis cannot be handled with in vivo or clinical investigations for the reasons 

mentioned above. Thus, the most appropriate methods were used to investigate 

mechanisms of local anesthetic toxicity and to compare toxicities of different local 

anesthetics, their adjuvants and mixtures of both over a wide range of 

concentrations.
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Critique of results 

An almost uniform observation during our studies was the switch from apoptosis to 

necrosis as mechanism of cell death within a narrow concentration range. At first 

glance this seems surprising, but strong noxious insults are generally more likely to 

result in necrotic rather than apoptotic cell death.21 At higher concentrations local 

anesthetics may trigger necrosis by gross alterations of cellular integrity, e.g. by 

disturbance in ion fluxes or loss of membrane integrity. Furthermore, since local 

anesthetics in millimolar concentrations interfere with the mitochondrial energy 

production,22-25 one may speculate that higher concentrations deplete cellular ATP, 

which is required for apoptosis. 

Here it was demonstrated for the first time that lidocaine induces apoptosis via 

the mitochondrial pathway. Mitochondrial membrane depolarization had been 

demonstrated before by others,8,26,27 but mitochondrial membrane depolarization 

occurs also in other circumstances of altered cell viability. Bcl-2-overexpression has 

been reported to decrease the toxic effects of ropivacaine in human keratinocytes, 

although in this study apoptosis was only detected by the loss of procaspase-3 using 

semiquantitative analysis.28 Thus, published literature supports the finding described 

here, but the mechanisms of toxicity have never been investigated systematically.  

The studies of Johnson and Lirk tried to evaluate the mechanisms of local 

anesthetic induced apoptosis employing different pharmacological enzyme 

inhibitors.8,26,27 However, the pharmacological inhibition of enzymes is much more 

fallible to error, because the specificity of an inhibitor must always be questioned. 

Therefore, a model with genetically engineered apoptosis pathways was used which 

is much more specific than pharmacological inhibitors.  

Some studies have attributed the cytotoxicity of local anesthetics to an 

unspecific membrane effect of a detergent.29,30 However, our finding that distinct 

alterations of apoptotic proteins decrease apoptosis disproves that the detergent-like 

effect of lidocaine is the principal cause of apoptosis induction. Nevertheless, it is 

conceivable that higher concentrations of local anesthetics inducing necrosis might 

be caused by a detergent effect of local anesthetics on the cell membrane. 

As mentioned in chapter 1, when we started comparing neurotoxicity of 

different local anesthetics, just a few papers comparing various local anesthetics 

existed, and no study comparing them over a wide range of concentrations. Lirk et al. 

demonstrated that ropivacaine, lidocaine and bupivacaine in equipotent 
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concentrations were equally toxic.10 However, they did not investigate each local 

anesthetic over a wide concentration range. Almost parallel with our paper, two other 

studies were published on that subject with similar methods.  Perez-Castro and co-

workers compared the cytotoxic effects of short-time (10 min) exposure with 

procaine, mepivacaine, lidocaine, chloroprocaine, ropivacaine and bupivacaine in 

human SH-SY5Y neuroblastoma cells and found the same order of toxicity as seen in 

the data presented here.31 Since local anesthetic induced neurotoxicity is known to 

be concentration- and time-dependent, it is not surprising that higher concentrations 

for a shorter duration of exposure induces apoptosis. In contrast to the observations 

of Perez-Castro and our group, Lee et al. could only observe apoptosis induction by 

tetracaine in primary rat cortical astrocytes by means of Hoechst 33258 staining, 

PARP and procaspase-3 immunoblotting.32 However, they investigated only 

concentrations below 1 mM and thus only found cell death and apoptosis induced by 

tetracaine. This result is compatible with those of Perez-Castro and ours. However, 

the conclusion Lee et al. draw is elusive due to methodological problems. They 

compared equimolar rather than equipotent concentrations of the local anesthetics 

or, what would have been even better, the whole toxicity range. Nevertheless, their 

results also reconfirm our investigation. 

There are few in vivo studies comparing different local anesthetics for 

biometric reasons. Kalichman et al. found a good correlation between the potency of 

four local anesthetics and their neurotoxicity by means of semi-quantitative 

examination of the sciatic nerve in rats.33 Sakura et al. compared in a rodent model of 

continuous spinal anesthesia equipotent concentrations of lidocaine and bupivacaine 

with an equal sensory deficit after 4 days.34 However, Yamashita et al. found 

bupivacaine and ropivacaine to be significantly less toxic then lidocaine and 

tetracaine.35 

Ketamine and midazolam have been advocated as local anesthetic adjuvants 

for regional anesthesia in men, since they seem to enhance duration and quality of 

analgesia.36-39 Although, there are studies without serious neurological complications 

in hundreds of patients, there is still considerable doubt about the neurotoxic 

potential of ketamine and midazolam. Vranken et al. demonstrated in rabbits and 

patients morphologically neurotoxicity of ketamine with unaltered neurological 

function.40,41 Similarly, in various animal models of regional anesthesia, midazolam 
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induced neurotoxicity.42,43 However, the mechanism of neurotoxicity of these 

substances has never been investigated. 

Ketamine and midazolam as other NMDA-receptor antagonist and GABA-receptor 

agonist used intravenously for general anesthesia have shown to induce neuronal 

apoptosis in rodent and primate neonatal brain.44-46 This neuroapoptosis seems to be 

induced via the mitochondrial and the death receptor pathway.47 Worth mentioning, 

using these substances in higher concentrations for neuraxial anesthesia in adult 

animals is a different situation, because the neurons are differentiated and are 

exposed to much higher concentrations then when the substances are applied 

intravenously. Thus, it is not surprising that these substances induced apoptosis via 

the mitochondrial pathway, thus by another mechanism then in the neonatal brain.  

Apoptosis induction, independent of NMDA-, GABAA- or benzodiazepine-receptor 

signaling, is therefore also in-line with the different apoptotic pathway. Summarized, 

the apoptotic mechanisms induced by midazolam and ketamine in our model are 

different from the neurotoxicity of these substances seen in neonatal models. We 

showed that the preservative benzethonium further increased the toxicity of ketamine 

in an additive manner and therefore should be avoided in mixtures used for regional 

anesthesia.  

While investigations regarding local anesthetic-induced neurotoxicity are 

comparatively abundant (578 pubmed hits; July 2012), the literature on neurotoxicity 

of adjuvants (or additives) is rather sparse (10 hits in pubmed with just 3 original 

articles, 2 of them, including our publication, truly related to the subject). Thus, the 

only other study addressing this subject was done parallel to ours in primary dorsal 

root ganglia cell cultures of the rat. These authors applied ropivacaine in a toxic 

concentration for 2 hours on the cells with one or a combination of one of the 

following adjuvants: clonidine, buprenorphine, dexamethasone or midazolam. In 

accordance with our results midazolam increased the toxicity of ropivacaine. 

However, they also observed that the opioid as well as clonidine alone and in 

combination with ropivacaine showed some neurotoxicity. This may be due to the 

short exposure time and the high concentrations used (up to 1.000-fold higher than in 

our model). When they exposed their primary cell cultures to ropivacaine over 24 

hours in clinically used concentrations - in accordance with our observations - only 

midazolam increased the toxicity of ropivacaine. Thus, based on these in vitro data 
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the use of midazolam as adjuvant to local anesthetics in clinical practice should be 

done with extreme caution if not avoided completely.  

 

Future research 

All classic local anesthetics are neurotoxic and their neurotoxicity correlates with their 

conduction-blocking potency. All local anesthetics are structural analogs, which bind 

specifically to the same site of the voltage-dependent sodium channel. Therefore, it is 

highly unlikely that newly developed local anesthetics will have a better therapeutic 

range or even be devoid of neurotoxicity. In the last two decades two local 

anesthetics were introduced into clinical practice, levobupivacaine and ropivacaine. 

Both are stereoisomers and thought to have less systemic toxicity than the racemate. 

With regards to local neurotoxicity they do not differ as demonstrated in this thesis. 

Therefore, future research should not focus on development of even more structural 

analogs or slow-release preparations of local anesthetics in order to overcome 

neurotoxicity, but on development of completely different blockers of the voltage-

dependent sodium channel. Interesting options are saxitoxine and tetrodotoxine, 

naturally occurring toxins with sodium-channel blocking action.48-50 They block the 

sodium channel at another site than classical local anesthetic and seem completely 

devoid of local neurotoxicity. Furthermore, there are structural analogs of these 

substances that bind to a specific subtype of sodium-channels.51,52 Such a pure 

analgesic block via NaV1.7 sodium channel subtype without blockade of other sensory 

or motor fibers would be a great improvement in many areas of pain therapy. 

Besides, more specific blockade of pain fibers may be accomplished by using ligands 

to other receptors such as TRPV1 (transient receptor potential cation channel, 

subfamily V, member 1 also known as vanilloid or capsaicin receptor) or TRPA1 

(transient receptor potential cation channel, subfamily A, member 1). These receptors 

are almost exclusively located on C-fibers transmitting pain and thus have a selective 

action only on pain fibers.53,54 However, this research is far away from clinical 

practice and it may take decades before such substances will replace classical local 

anesthetics in clinical practice. 

Meanwhile, one could focus on substances diminishing the neurologic injury of local 

anesthetics and some of them have been described including caspase-inhibitors, 

kinase inhibitors and radical scavengers.7,8,10,55 However, such substances are highly 

experimental. Since neurotoxicity of local anesthetics is a very rare (but serious) 
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problem clinically, the standard addition of substances possibly reducing neurologic 

injury might be a greater risk than benefit because of their own toxicity and side 

effects. Since the concentration-dependence of local anesthetic has been 

demonstrated here and by others, solutions with lower local anesthetic concentration 

accomplished by the addition of adjuvants are a good and already practiced method 

to minimize the risk of neurotoxicity. While during epidural anesthesia it is standard to 

use a mixture of opioid and local anesthetic and possibly adding some other drugs, 

there are no studies investigating the effects of adjuvants for continuous peripheral 

nerve block. Therefore, not only the possible neurotoxicity of these mixtures should 

be investigated more extensively in vitro and in vivo, but also their effectiveness 

during peripheral nerve blockade deserves a lot more attention especially in clinical 

studies.  
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Summary 

It was the aim of this thesis to discern the mechanism of cyto- and neurotoxicity of 

local anesthetics and their adjuvants in various in vitro models of neuronal, glial and 

mesenchymal cells. The extent and mechanism of lidocaine-, ketamine- and 

midazolam-induced apoptosis were evaluated in a cell line with genetically modified 

pathways of apoptosis. Furthermore, the cyto- and neurotoxicity of the local 

anesthetics most frequently used clinically and their stereoisomers was compared. A 

number of clincally used adjuvants and preservatives were also analyzed with regard 

to their mechanisms of cytotoxicity. In a following step, the effect of local anesthetics 

and adjuvants on their combined neurotoxicity was analysed.  

In order to elucidate the mechanism of lidocaine-induced cytotoxicity and apoptosis, 

lymphoma T-cells (Jurkat) were incubated for 24h with increasing concentrations of 

lidocaine. The signs of toxicity and apoptosis (cell viability, mitochondrial alteration, 

cytochrome c release, caspase activation and phosphatidylserine externalisation) 

were investigated by trypan blue staining, substrate fluoroscopy, JC-1 and 7AAD/PI 

fluorescence-activated cell-sorting (FACS) analysis, and immunoblotting. 

Furthermore a pancaspase inhibitor was added in order to quantify caspase-

dependent cell death (apoptosis). Lidocaine induced primary apoptosis at low 

millimolar concentrations (up to 6 mM) and primary or secondary necrosis at higher 

concentrations. In a second set of experiments, genetically engineered cells with 

either a defective mitochondrial pathway (Bcl-2 overexpressing or caspase-9 

deficient) or defective death receptor pathway (caspase-8 deficient or FADD 

deficient) were incubated with lidocaine. Only cells with deficient mitochondrial 

pathway were protected against lidocaine-induced apoptosis. Finally, neuroblastoma 

cells were incubated with lidocaine with and without a pancaspase inhibitor. Also in 
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this neuronal cell line lidocaine at low concentrations (<12 mM) induced apoptosis, 

whereas at higher concentrations it induced necrosis. 

After elucidating the mechanism of apoptosis of lidocaine, we compared the apoptotic 

potency of eight clinically used local anesthetics by flow cytometry and correlated 

these potencies with physicochemical properties and conduction blocking potency in 

a neuroblastoma cell line. The neurotoxicity of the local anaesthetics correlated with 

their lipid solubility and thus their conduction blocking potency, but was independent 

of chemical class (amide or ester), molecular weight, protein binding or pKa. 

Ketamine is an uncompetitive NMDA receptor antagonist with analgesic properties 

sometimes used as an adjuvant in regional anesthesia. In our model of genetically 

modified apoptotic pathways it was demonstrated that ketamine induces apoptosis 

via the mitochondrial pathway independent of death receptor signaling. Increasing 

concentrations led to a switch in cell death mechanisms from apoptosis to necrosis. 

In neuronal cells, marginally less toxicity was observed with the S(+)-isomer in 

comparison to the racemate. Therefore, it is unlikely that the toxicity is induced via 

the stereosensitive NMDA receptor, since S(+)-ketamine has a 3-times stronger 

binding/action at this receptor. The clinically used preservative benzethonium, when 

combined with S-ketamine, additively increased the toxicity in lymphoma, 

neuroblastoma, and primary rat astrocyte cell cultures as revealed by isobolographic 

analysis. Like ketamine, the GABAA agonist midazolam induced apoptosis via the 

mitochondrial pathway. Again, in neuroblastoma cells and primary rat neurons the 

mechanism of cell death was concentration-dependent with increasing 

concentrations changing from apoptosis to necrosis. It could not be inhibited by the 

competitive GABAA antagonist flumazenil, ruling out that the toxicity is induced via 

the GABAA receptor or the peripheral benzodiazepine receptor – a 18 kDa 
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translocator protein located in the outer mitochondrial membrane known to induce 

apoptosis when activated.  

The adjuvants most frequently used clinically, when added to toxic concentrations of 

lidocaine, were evaluated in neuroblastoma cells and primary rat astrocytes. Addition 

of sufentanil, morphine, clonidine, epinephrine and neostigmine to lidocaine did not 

enhance the neurotoxicity of lidocaine. Ketamine increased the toxicity of lidocaine in 

an additive manner, while midazolam displayed only subadditive toxicity. 

In conclusion, local anesthetics, ketamine and midazolam induce apoptosis via the 

mitochondrial pathway independent of death receptor signaling. The lipid-solubility 

and thus the potency of local anesthetics determine their toxicity. Therefore, the 

therapeutic range of the investigated local anesthetics is about equal and their 

structure does not influence their cytotoxicity. New substances resembling classical 

local anesthetics will probably have a similar therapeutic window, and will thus still be 

neurotoxic. The adjuvants ketamine and midazolam as well as the preservative 

benzethonium enhanced cytotoxicity. Even though our experimental model is not an 

accurate representation of the clinical situation, we advise caution in using these 

substances for local and regional anesthesia. More commonly used, and equally 

effective, adjuvants such as epinephrine, clonidine and opiates should be used 

instead. They did not enhance direct lidocaine neurotoxicity and, in the clinical 

situation, their addition allows for the use of lower concentrations of local anesthetics. 

Future innovative research may develop other types of voltage-dependent sodium-

channel blockers and may focus on more specific blockers aiming at specific voltage-

dependent sodium-channel subtypes or other type of voltage-dependent channels 

transmitting pain. 
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Samenvatting 

In dit proefschrift wordt het onderzoek beschreven dat als doel had om de 

mechanismen van de cyto- en neurotoxiciteit van lokale anesthetica en hun 

additieven op te helderen met hulp van verschillende in-vitro modellen. De 

mechanismen van apoptose door lidocaïne, ketamine en midazolam werden 

onderzocht in een cellijn met een genetisch gemodificeerde route van de apoptose. 

De cyto- en neurotoxiciteit van acht klinisch gebruikelijke lokale anesthetica en hun 

stereoisomeren werden met elkaar vergeleken. Ook werd voor een aantal klinisch 

gebruikelijke additieven en conserveringsmiddelen het mechanisme van toxiciteit 

opgehelderd. In een volgende fase werd de neurotoxiciteit van mengsels van een 

locaal anesthesticum met verschillende gebruikelijke additieven geanalyseerd. 

Om het mechanisme van cytotoxiciteit en apoptosis door lidocaïne te kunnen 

verklaren, werden Jurkat T-lymfoom cellen gedurende 24 uur met oplopende 

concentraties lidocaïne geïncubeerd. Daarna werd gekeken naar tekenen van 

toxiciteit en apoptose (cel vitaliteit,  mitochondriale veranderingen, vrijkomen van 

cytochroom C, activering van caspase en uittreding van phosphatidylserine) met 

behulp van trypaan blauw kleuring, fluoroscopie, JC-1 en 7AAD/PI fluorescence-

geactiveerde celsortering (FACS) en immunoblotting. Vervolgens werd een 

pancaspase-inhibitor  aan lidocaïne toegevoegd om het aandeel aan de caspase 

afhankelijke celdood (apoptose) te bepalen. Lidocaïne bracht  in Jurkat cellen in lage 

concentraties (tot  6 mM) een apoptose teweeg en in hogere concentraties een 

primaire of secundaire necrose. In een tweede serie experimenten werden genetisch-

gemodificeerde cellen met een defect in de mitochondriale route (Bcl2-

overexprimatie of caspase-9 deficiëntie) of een defect in de doodsreceptor route  

(capase-8 deficiënt of FADD deficiënt)  bloot gesteld aan verschillende concentraties 

lidocaïne. Alleen cellen met een deficiënte mitochondriale route van de apoptose 

waren beschermd tegen lidocaïne-geïnduceerde apotose. Tenslotte werden 

neuroblastoomcellen geïncubeerd met verschillende concentraties lidocaïne zowel in 

combinatie met als zonder pancaspase-inhibitor. Ook bij neuroblastoomcellen 

veroorzaakte lidocaïne in lage concentraties een apoptose en in hogere 

concentraties een necrose.  

Nadat de route van apoptose was opgehelderd, werd de neurotoxiciteit van 8 lokale 

anesthetica onderling vergeleken door middel van flowcytometrie van 
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neuroblastomacellen. Er werd getracht om de neurotoxiciteit, die op deze wijze was 

gemeten, te correleren aan de fysicochemische eigenschappen en het vermogen om 

de geleiding te blokkeren. De neurotoxische potentie van de lokale anesthetica 

correleert met hun lipofilie en hun potentie tot blokkade van de geleiding, maar niet 

met hun chemische klasse (ester vs. amide), moleculair gewicht, eiwitbinding of pKa 

waarde. 

Ketamine is een oncompetitieve NMDA receptor antagonist met analgetische 

eigenschappen, die soms als additief bij regionale anesthesie gebruikt wordt. In het 

model van genetisch gemodificeerde routes van apoptose werd bewezen, dat ook 

ketamine een apoptose via de mitochondriale route induceert, onafhankelijk van de 

doodsreceptor route. Bij hogere concentratie veranderde ook hier het proces van een 

apoptose naar een necrose. Het S(+)-isomeer van ketamine was iets minder toxisch 

dan het racemaat. Daarom is het onwaarschijnlijk dat de apoptose via de NMDA-

receptor geïnduceerd wordt, omdat de bindingsactiviteit van de linksdraaiende 

stereoisomeer hieraan drie keer hoger is. Als het klinisch toegepaste 

conserveringsmiddel benzethonium samen met ketamine wordt gebruikt, bleek uit 

isbolografische analyse de toxiciteit van S(+)-ketamine in lymfomen, 

neuroblastoomcellen en astrocyten bij ratten nog verder toe te nemen. De GABAA 

receptor agonist midazolam induceerde net zoals ketamine een apoptose via de 

mitochondriale route en veranderde de apoptose in een necrose bij hogere 

concentraties. De GABAA antagonist flumazenil kon de toxiciteit van midazolam niet 

afremmen. Dat betekent dat de toxiciteit van midazolam niet veroorzaakt wordt via de 

GABAA receptor of de perifere benzodiazepine receptor (een 18 kDa translocator 

proteïne dat in de buitenste mitochondriale membraan gelokaliseerd is en apoptose 

kan induceren). 

De klinisch meest gebruikte additieven werden gemengd met een toxische 

concentratie van lidocaïne en de toxiciteit van deze mengsels werden in 

neuroblastoomcellen en astrocyten onderzocht. Morfine, sufentanil, clonidine, 

adrenaline en neostigmine verhoogden niet de toxiciteit van lidocaïne. Echter 

ketamine verhoogde de toxiciteit van lidocaïne additief, terwijl midazolam alleen tot 

een subadditieve toxiciteit leidde.  

Samenvattend, lokale anesthetica, ketamine en midazolam induceren een  apoptose 

via de mitochondriale route onafhankelijk van de doodsreceptor route. De lipofiliteit 
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en daarmee de potentie van lokale anesthetica tot het blokkeren van de geleiding 

bepalen de toxiciteit. Daarom hebben alle lokale anesthetica ongeveer dezelfde 

therapeutische breedte en is hun toxiciteit onafhankelijk van hun chemische 

structuur. Dus nieuwe lokale anesthetica zouden een soortgelijke therapeutische 

breedte hebben. Additieven als ketamine, midazolam en benzethonium verhogen de 

toxiciteit. Ondanks dat dit resultaat naar voren komt uit een in-vitro onderzoek, is het 

raadzaam om deze middelen ook in de klinische situatie niet voor regionale 

anesthesie te gebruiken. Frequent toegepaste effectieve additieven zoals opiaten, 

adrenaline en clonidine zouden wel klinisch gebruikt kunnen worden. Dezen 

verhogen de toxiciteit van lokale anesthetica niet en maken het mogelijk om de 

concentratie van het lokaal anestheticum te reduceren. 

Toekomstige ontwikkelingen zullen tot heel andere types natriumkanaal-blokkers 

leiden en zullen mogelijk gericht zijn op specifiekere blokkers voor specifieke kanaal-

subtypes. Ook andere typen kationkanalen, die specifiek alleen op zenuwweefsel 

voorkomen voor het overdragen van pijnsignalen, lijken een aantrekkelijk doel voor 

de ontwikkeling van minder toxische middelen in de toekomst. 
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