Chapter 12

Tetramisole and Levamisole Suppress
Neuronal Activity Independently

from Their Inhibitory Action on Tissue
Non-specific Alkaline Phosphatase

in Mouse Cortex

Lionel G. Nowak, Benoit Rosay, David Czégé and Caroline Fonta

Abstract Tissue non-specific alkaline phosphatase (TNAP) may be involved in the
synthesis of GABA and adenosine, which are the main inhibitory neurotransmitters in
cortex. We explored this putative TNAP function through electrophysiological
recording (local field potential) in slices of mouse somatosensory cortex maintained
in vitro. We used tetramisole, a well documented TNAP inhibitor, to block TNAP
activity. We expected that inhibiting TNAP with tetramisole would lead to an
increase of neuronal response amplitude, owing to a diminished availability of
GABA and/or adenosine. Instead, we found that tetramisole reduced neuronal
response amplitude in a dose-dependent manner. Tetramisole also decreased axonal
conduction velocity. Levamisole had identical effects. Several control experiments
demonstrated that these actions of tetramisole were independent from this compound
acting on TNAP. In particular, tetramisole effects were not stereo-specific and they
were not mimicked by another inhibitor of TNAP, MLS-0038949. The decrease of
axonal conduction velocity and preliminary intracellular data suggest that tetramisole
blocks voltage-dependent sodium channels. Our results imply that levamisole or
tetramisole should not be used with the sole purpose of inhibiting TNAP in living
excitable cells as it will also block all processes that are activity-dependent. Our data
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and a review of the literature indicate that tetramisole may have at least four different
targets in the nervous system. We discuss these results with respect to the neuro-
logical side effects that were observed when levamisole and tetramisole were used for
medical purposes, and that may recur nowadays due to the recent use of levamisole
and tetramisole as cocaine adulterants.

Keywords Vitamin B6 - Pyridoxal - Ectonucleotidase - Epilepsy - Inflammatory
leukoencephalopathy

12.1 Introduction

Alkaline phosphatases (APs) are a group of enzymes that release inorganic phos-
phate from phosphomonoesters. APs are ecto-enzymes, thus located on the extra-
cellular side of the cells. Four types of APs have been identified in human. Three
have restricted regional distributions and have been named accordingly as intestinal
AP, germinal AP and placental AP. The fourth type, the tissue non-specific alkaline
phosphatase (TNAP), has been found in all mammalian genera examined. As its
name implies, TNAP shows a widespread distribution, being present in various
tissues such as blood vessels, bone and cartilage, kidney, liver, lung, etc. (e.g.,
Borgers 1973; de Bernard et al. 1986; Morris et al. 1992; Hoshi et al. 1997).

In human, mutations of the TNAP gene lead to hypophosphatasia (Rathbun
1948), a rare disease characterized by low level of plasmatic AP and by abnormal
bone mineralization (reviewed in: Fraser 1957; Millan 2006; Mornet 2007; Whyte
2010; Taketani et al. 2014; see also Chaps. 1 and 2 in this book). Importantly, the
most severe forms of hypophosphatasia (perinatal and, to a lesser extent, infantile
hypophosphatasia) are often associated with epileptic seizures (e.g., Rathbun 1948;
Fraser 1957; Béthenod et al. 1967; Baumgartner-Sigl et al. 2007; Balasubramaniam
et al. 2010; Taketani et al. 2014; see also Chaps. 14 and 15 in this book). In the
mouse, inactivation of the TNAP gene produces an animal model of severe human
hypophosphatasia, with bone mineralization defect and epileptic seizures as well
(Waymire et al. 1995; Narisawa et al. 1997; see also Chap. 3).

Occurrence of epileptic seizures in TNAP KO mice and in the severe forms of
human hypophosphatasia suggests that TNAP plays a fundamental role in the
control of nerve cell activity—although indirect effects cannot be ruled out. This
implies that TNAP should be present in the nervous tissue. Indeed, although early
studies (Landow et al. 1942; Bourne 1943) did not report AP activity at the neu-
ronal level in mammals—except in the spinal cord and medulla —, later studies
demonstrated significant AP activity in multiple brain structures of various mam-
malian species. The pharmacological profile of this neuronal AP activity suggested
it resulted from TNAP activity (Fonta et al. 2004; Langer et al. 2008) and it has
recently been formally ascribed to TNAP gene expression (Ermonval et al. 2009;
Brun-Heath et al. 2011).
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AP activity in the brain is not homogenous; some structures show strong activity
—hypothalamus, superior colliculus, subtancia nigra, spinal cord for example—
while other—hippocampus, cerebellum, caudate nucleus, putamen for example—
show much weaker activity (Shimizu 1950; Nandy and Bourne 1963; Friede 1966;
Sugimura and Mizutani 1979; Langer et al. 2008; Brun-Heath et al. 2011; Street
et al. 2013). AP activity is also observed in the cerebral cortex. In primate its level
is particularly high in layer 4 of primary visual, auditory and somatosensory cor-
tices (Friede 1966; Fonta and Imbert 2002; Fonta et al. 2004, 2005; Négyessy et al.
2011). In area 17 of primates, the thalamorecipient layers 4Co and 4Cp are
exquisitely delineated by TNAP activity (Fonta and Imbert 2002; Fonta et al. 2004).
In visual cortex, AP activity depends on neuronal activity, as revealed by mon-
ocular deprivation experiments (Fonta et al. 2004). TNAP is also highly expressed
in the prefrontal cortex of primate (Fonta et al. 2004) and is found preferentially in
layer 5 in non-sensory cortices of non-human primates (Friede 1966) and in human
(Négyessy et al. 2011). AP activity is less patterned in rodent cortex but clear
differences between cortical areas are nevertheless noticeable. For example, layer la
of the piriform cortex and layer 4 of the somatosensory cortex show stronger AP
activity than neighboring layers and surrounding cortical areas (Fonta et al. 2004;
Langer et al. 2008; Brun-Heath et al. 2011).

In both cortical and subcortical structures, the suggestion that AP is located on
synapses (Nandy and Bourne 1963) has been confirmed by electron microscopy
studies, which revealed AP in the synaptic clefts of both excitatory and inhibitory
synapses (Sugimura and Mizutani 1979; Mori and Nagano 1985; Fonta et al. 2004,
2005; Hanics et al. 2012; see also Chap. 5, this book). Strong AP activity has also
been revealed on the nodes of Ranvier of myelinated axons (Pinner et al. 1964;
Mori and Nagano 1985; Fonta et al. 2005; Hanics et al. 2012; see Chap. 5).
Altogether, these data suggest that TNAP may be involved in the control of action
potential propagation in axons as well as in the control of synaptic transmission.

In this study we used an electrophysiological approach with the aim to determine
whether and how TNAP controls neuronal activity in the cerebral cortex, in par-
ticular through its putative involvement in the synthesis of two major neurotrans-
mitters, GABA and adenosine. In cortex, both GABA and adenosine are inhibitory
neurotransmitters: GABA acts postsynaptically through GABA, and GABAg
receptors and presynaptically through GABAg receptors (e.g., Howe et al. 1987a, b;
Connors et al. 1988; Deisz and Prince 1989; McCormick 1989). Adenosine mostly
acts presynaptically through adenosine A1 receptors (e.g., Collins and Anson 1985;
Fontanez and Porter 2006).

GABA is synthesized from glutamate by the glutamic acid decarboxylase
(GAD) (e.g., Martin and Rimvall 1993). GAD uses the active form of vitamin B6,
pyridoxal phosphate (PLP), as cofactor." PLP cannot cross membranes; only the

"Note that GAD is one among multiple PLP-dependent enzymes. Approximately 60 genes
encoding for enzymes using PLP as cofactor have been identified in mammals (Percudani and
Peracchi 2009). In addition to GAD, some of these enzymes are directly involved in the synthesis
of other neurotransmitters such as dopamine and serotonin (Ermonval et al. 2009).


http://dx.doi.org/10.1007/978-94-017-7197-9_5
http://dx.doi.org/10.1007/978-94-017-7197-9_5

242 L.G. Nowak et al.

nonphosphorylated form, pyridoxal (PL), can diffuse passively through membranes
(e.g., Rifkin et al. 1972; Mehansho and Henderson 1980; see also Chap. 11, this
book). TNAP plays a key role at this level as it is responsible for the dephospho-
rylation of extracellular PLP. In support for the involvement of TNAP in this pro-
cess, the PLP concentration is markedly elevated in the serum of hypophosphatasic
patients (Whyte et al. 1985, 1988). Likewise, PLP concentration in the serum of
TNAP KO mice appears to be 20 time higher than in wild type mice (Waymire et al.
1995). In parallel, GABA levels appear to be strongly reduced in the brain of
TNAP KO mice (Waymire et al. 1995; Fonta et al. 2012), confirming the importance
of TNAP in the control of GABA synthesis. Yet the presence of AP on excitatory
synapses suggests that its role is not solely limited to the control of GABA synthesis.

Adenosine synthesis in the extracellular space results from the degradation of
ATP. ATP is released by neurons and glial cells (Fields and Burnstock 2006;
Abbracchio et al. 2009; Butt 2011). ATP and intermediate nucleotides are rapidly
hydrolyzed by a variety of ectonucleotidases. Four different ectonucleotidase families
have been identified in the brain (e.g., Zimmermann et al. 2012). The first three
families are quite specific: ectonucleoside triphosphate diphosphohydrolase degrades
ATP in ADP and ADP in AMP; ectonucleotide pyrophosphatase/phosphodiesterase
degrades ATP in AMP; and ecto-5"-nucleotidase degrades AMP in adenosine. In
contrast, TNAP shows broader substrate specificity and is capable of degrading ATP
to ADP, ADP to AMP, and AMP to adenosine. The ectonucleotidase activity of
TNAP has been demonstrated in various tissues such as bone (e.g., Ciancaglini et al.
2010; Simao et al. 2013) and airways (Picher et al. 2003). Supports in favor of a role
of TNAP in adenosine synthesis in the brain come from a cultured neuronal cell line
study (Ohkubo et al. 2000) and from a recent spinal cord study (Street et al. 2013; see
Chap. 13). Yet another study failed to reveal a significant role for TNAP in extra-
cellular adenosine synthesis in the hippocampus (Zhang et al. 2012).

In order to examine the role of TNAP in the control of inhibitory synaptic
transmission, we performed electrophysiological experiments on slices of mouse
somatosensory cortex maintained in vitro. We used tetramisole to inhibit TNAP
activity. Tetramisole is the racemic mixture of two stereoisomers: a levorotatory
enantiomer, “levamisole”, and a dextrorotary enantiomer, “dexamisole”. Studies in
the seventies showed that levamisole is highly effective at inhibiting TNAP (Van
Belle 1972, 1976a, b) while dexamisole has no significant effect on this enzyme
(Van Belle 1972, 1976b; Borgers 1973). Levamisole and tetramisole have since
been used as TNAP inhibitors in a countless number of studies.

Our hypothesis was that suppressing TNAP activity with tetramisole would
result in an increase of neuronal response amplitude owing to a reduction of pre-
and/or postsynaptic inhibition mediated by GABA and/or adenosine. The results we
obtained were opposite to this expectation: tetramisole, at concentration that fully
suppress TNAP activity in biochemical assays (1-5 mM), also strongly suppressed
neuronal activity. Levamisole had a similar effect. This suppression largely resulted
from a reduction of action potential transmission along the axons. These results
might have been interpreted as revealing a hitherto non-described control of axonal
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excitability by TNAP present on the nodes of Ranvier, yet several control experi-
ments revealed that neuronal activity suppression by tetramisole and levamisole
was not due to TNAP inhibition by tetramisole and levamisole. Instead, we propose
that tetramisole and levamisole block voltage-dependent sodium channels.

Our results therefore indicate that, in cortex, TNAP is not the unique target of
tetramisole and levamisole. In addition, other neuronal processes are likely to be
affected by levamisole and tetramisole: indeed, studies showed that, in the
peripheral nervous system of mammals, levamisole and tetramisole may also
interfere with adrenergic and cholinergic synaptic transmission.

Outside the nervous system, studies suggested that tetramisole and levamisole
possess “immunostimulating” properties. For this reason, tetramisole and levam-
isole have received numerous clinical and pharmaceutical applications in a variety
of diseases. Nevertheless, multiple side effects have been reported, including
devastating neurological adverse effects such as epilepsy and inflammatory leu-
koencephalopathy, that have led to discontinue chronic tetramisole and levamisole
usage in most countries. Yet these side effects have recently regained the attention
of public health specialists because most of the illegal cocaine on the market
nowadays appears to be adulterated with levamisole or tetramisole. We discuss the
possible links between the neurological side effects of tetramisole and levamisole
and the different targets of these compounds in the CNS.

12.2 Methods

12.2.1 Brain Slice Preparation

All procedures were conducted in accordance with the guidelines from the French
Ministry of Agriculture (décret 87/848) and from the European Community
(directive 86/609) and was approved by the local ethical committee
(MP/06/79/11/12, comité d’éthique Midi-Pyrénées pour I’expérimentation ani-
male). Adult (>2 month-old) wild type female mice were used for these experi-
ments. Mouse was anesthetized with isoflurane. Once deeply anesthetized, the
mouse was killed by decapitation. The scalp was removed, the skull was drilled, the
upper part of the skull was lifted off, and the whole brain was carefully removed.
These operations were performed in cold (3—4 °C) modified artificial cerebrospinal
fluid (mACSF), whose composition was (in mM): NaCl 124, NaHCO; 26, KCl 3.5,
MgSO, 1, MgCl, 9, NaH,PO, 1.25, and glucose 10. Note that Ca** was omitted
while Mg*™* concentration was 10 mM. The rationale for using such a modified
ACSF has been presented elsewhere (Nowak and Bullier 1996). The mACSF was
oxygenated for 1 h before the beginning of the surgery with a mixture of 95 % O,
and 5 % CO,. Four hundred-micrometer-thick coronal brain slices were cut on a
vibratome (752 M vibroslice, Campden Instrument, UK), whose chamber was filled
with cold oxygenated mACSF. Once obtained, the slices were kept at room
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temperature for at least one hour in a storage chamber filled with an in vivo-like
(Brumberg et al. 2000; Sanchez-Vives and McCormick 2000) artificial cerebro-
spinal fluid (ACSF) of the following composition (in mM): NaCl 124, NaHCO; 26,
KCI 3.5, MgS0, 1, NaH,PO, 1.25, CaCl, 1.2, and glucose 10. This ACSF was
continuously bubbled with a 95 % O,—5 % CO, mixture (pH 7.4). Recordings were
performed in a submersion type chamber (Scientific System Design, Mississauga,
Ontario, Canada) where the temperature was thermostatically held at 33-34 °C.
The ACSF was gravity fed at a flow rate of 2.5-3.75 ml/min.

12.2.2 Recording and Stimulation

Neuronal signals examined in this study consisted mostly in local field potentials
(LFPs) recorded in layer 4 and in the supragranular layers of the whisker, trunk and
hindlimb representations of the primary somatosensory cortex (S1). Intracellular
recordings were also attempted in these regions. In both cases, neuronal responses
were evoked by extracellular electrical stimulation applied in the white matter or at
the white matter-layer 6 border. Some extracellular recordings were also performed
in the corpus callosum. In this later case, stimulation was applied in the corpus
callosum too.

Tungsten-in-glass microelectrodes, with glass removed from the tip over a length
of 45-110 pm, were used for extracellular electrical stimulation. Electrical stimu-
lation was delivered through a stimulation isolation unit (A365 Stimulus Isolated,
WPI) and consisted in monopolar, cathodal pulses of 0.2 or 0.3 ms duration. Pulses
were delivered either in isolation at a frequency of 0.5 Hz, or as pair of pulses with
an interstimulus interval of 20 ms, the pairs being repeated every 10 s (0.1 Hz).
Stimulation intensity was between 50 and 180 pA.

LFPs were recorded through tungsten-in-glass microelectrodes and glass mic-
ropipettes. Glass micropipettes were pulled on a P97 Flaming Brown micropipette
puller from 1.2 mm OD medium walled capillaries with filament (GC120F, Harvard
Apparatus). The micropipette tip was broken to a 15-20 um diameter opening and
filled with ACSF (resistance 2-7 MQ). The signal was amplified with an
AxoClamp 2B amplifier (Axon Instrument, Foster City, CA) and further amplified
with a Neurolog post-amplifier (final gain: x 1000). The signal was low-pass fil-
tered at 10 kHz. Signals recorded through tungsten-in-glass microelectrodes (5—
15 pm exposed tip) were amplified (x1000) and bandpass filtered (0.1 Hz—10 kHz)
with the Neurolog recording system. Micropipettes for “sharp” intracellular
recording were pulled on the P97 Flaming Brown micropipette puller from 1.2 mm
OD medium walled capillaries with filament and filled with K-Acetate 3 M (DC
resistance: 60-100 MQ). The AxoClamp 2B was used for amplification
(gain: x 10). The signal was low pass filtered (10 kHz). Signals were digitized with
a 1401plus interface (CED, Cambridge, UK) with a digitization rate of 20 kHz.
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12.2.3 Sample

The present study is based on a total of 27 successful experiments. By “experiment”
we designate an ensemble of data obtained with one pair of stimulation and
recording sites in one slice. Given the duration of the protocols used in this study
(pharmacological manipulation requiring controls, several concentrations of various
pharmacological compounds and recoveries), there was usually only one experi-
ment per slice and per day, and by extension one experiment per mouse (19
experiments). More rarely two experiments were performed the same day on two
distinct brain slices obtained from the same mouse, with one of the two experiments
being dedicated to corpus callosum recording (8 experiments total).

12.2.4 Analysis

Signals were analyzed offline using spike2 software (CED) and custom scripts. The
bulk of the data are issued from extracellular LFP recording evoked by electrical
stimulation. The first pass of the LFP analysis consisted in averaging 6 or 30
consecutive sweeps, depending on stimulation frequency (0.1 or 0.5 Hz). This
resulted in series of averaged LFPs for each consecutive minute of recording
(Fig. 12.1d). These time series allowed following the time-course of the drug
effects. They were visualized using Origin software (OriginLab Corporation, USA).

The averaged LFPs obtained in the gray matter (23 experiments) consisted in fast
and slow components. The slow component, or field PSP (noted “fPSP” in Figures),
reflects postsynaptic responses. Depending on where the recording electrode was
located with respect to current sources and sinks (e.g., Mitzdorf 1985), the slow
component appeared either as a slow positivity (Figs. 12.1e, 12.6a and 12.7a) or as a
slow negativity (Fig. 12.5a). The fast components—always negative—correspond to
population spikes, that is, to the synchronous discharge of action potentials by a
population of neurons located in the vicinity of the recording electrode. Two types of
population spikes were identified in our experiments: antidromic and orthodromic.
Antidromic population spikes (indicated by “APS” in Figures) result from the
(unnatural) retrograde propagation of action potentials elicited in the axons at the
stimulation site toward the cell body, where spike firing is initiated without interca-
lated synapses. Orthodromic population spikes (“OPS” in Figures) are elicited when
the (regular) propagation of action potentials along the axons results in postsynaptic
responses that are large enough to trigger action potentials in the postsynaptic neurons
(Fig. 12.1e, h). Since they are initiated by excitatory synaptic inputs, their latency is
longer than that of antidromic responses. In addition, they disappear when synaptic
transmission is suppressed. We systematically tested whether the population spikes
we were recording from were orthodromic and/or antidromic by suppressing synaptic
responses with ACSF solutions without Ca™ and containing either 6-10 mM Mg*™*
or 1.2-2 mM Mn**. Antidromic population spikes were present in all but one of the
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23 experiments involving gray matter recording, whereas measurable orthodromic
responses occurred in 16 of these experiments.

The amplitude of antidromic population spikes was measured as the difference
between the peak of the population spike and the pre-stimulus baseline. The latency
corresponds to the latency of the peak of the population spikes relative to stimulus
onset. As orthodromic population spike followed antidromic responses and were
eventually partially merged with them, their amplitude was measured as the dif-
ference between the peak and the positivity corresponding to the repolarization of
the preceding antidromic population spike. The amplitude of the slow component
was measured relative to pre-stimulus baseline. When the orthodromic response
showed both a slow component and a population spike, the amplitude of the
response usually corresponds to that of the population spike. Population data in text
corresponds to the mean + SEM.

12.2.5 Chemicals

Tetramisole (0.1-5 mM), levamisole (0.5 and 1 mM), adenosine (100 um), ATP
(1 mM) and pyridoxal phosphate (10 pM) were dissolved in ACSF. MLS-0038949
(10 uM final concentration) was first dissolved in DMSO (final DMSO concen-
tration: 0.1 % in ACSF). All chemicals were purchased from Sigma except
MLS-0038949 purchased from Merck. When several concentrations of tetramisole
or levamisole were used, their order of application was randomized from one
experiment to the next.

12.3 Results

12.3.1 Tetramisole Reduces Both Orthodromic
and Antidromic Responses in a Dose-Dependent
Manner

Figure 12.1a—c illustrates the effects of levamisole (1 mM) on an antidromic popu-
lation spike. Each trace corresponds to the average of 30 sweeps, representing 1 min
of recording in control ACSF (Fig. 12.1a), 1 min of recording after 20 min of
perfusion with ACSF containing 1 mM tetramisole (Fig. 12.1b) and 1 min of
recording after 20 min of reperfusion with regular ACSF (recovery, Fig. 12.1c). The
response was identified as antidromic as it persisted when Ca®* was replaced by Mn**
2 mM (not shown). The white matter stimulation did not elicit a measurable ortho-
dromic response in this experiment. In the presence of tetramisole (1 mM, Fig. 12.1b),
the response amplitude was decreased to 49 % of the amplitude measured in control
while the peak latency was increased from 2.6 to 3.5 ms. The amplitude and latency
returned to near control values after tetramisole washout (Fig. 12.1c).
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The time-course of the effect of tetramisole for the same experiment is depicted
in Fig. 12.1d. The amplitude of the antidromic population spike is represented as a
function of time when the control ACSF was replaced by ACSF + tetramisole
1 mM (left panel), and when ACSF + tetramisole 1 mM was replaced by control
ACSF (right panel). Each data point represents the amplitude of the response
measured in LFP traces averaged over 1 min. The curves are exponentials fitted to
the data. The amplitude decreased upon perfusion of tetramisole 1 mM up to a
plateau value that was reached after approximately 20 min. Recovery was complete
in about 20 min as well.

The effect of tetramisole on orthodromic responses is illustrated with data from
another experiment in Fig. 12.1e—g. Electrical stimulation was delivered in the form
of pairs of pulses with an interstimulus interval of 20 ms. The LFP (Fig. 12.1e)
consisted in an antidromic population spike (first population spike on traces, APS)
and in orthodromic responses composed of a slow positivity (fPSP) and of an
orthodromic population spike (second population spike on traces, OPS). The
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<« Fig. 12.1 Both orthodromic and antidromic neuronal responses are reduced by tetramisole. a—c
Effect of tetramisole 1 mM on an antidromic population spike (APS) recorded extracellularly
(LFP) in the supragranular layers of mouse somatosensory cortex. Electrical stimulation in white
matter (50 pA, 300 psec, 0.5 Hz). Each trace is the average of 30 sweeps (1 min recording) obtained
at the time of switching the perfusion from control ACSF to ACSF with tetramisole 1 mM (a), at the
end of 20 min perfusion of ACSF with tetramisole 1 mM (b), and after 20 min perfusion with control
ACSF (recovery, ¢). a, b Tetramisole reduced peak response amplitude from —1 to —0.49 mV and
increased peak response latency from 2.6 to 3.5 ms. ¢: Effects of tetramisole 1 mM were reversible
(amplitude: —1.03 mV, latency: 2.7 ms). d Time course of the effect of tetramisole on the amplitude of
the APS. Same experiment as in a—c. Symbols correspond to the amplitude of the APS measured in
LFP traces averaged over 1 min. Symbols indicated by letters a—c refers to the LFP traces displayed
in a—c. Solid lines are exponential curves fitted to the data. The first 3 data points were not included in
the fit as they approximately corresponded to the 3 min required for the replacement of one perfusion
solution by the other in the recording chamber. Left panel: the time constant of amplitude decrease in
tetramisole 1 mM was 5 min and 41 s. Right panel: the time constant of recovery in regular ACSF
was 3 min and 4 s. The R? of fit was 0.99 for both fits. e—g: Effect of tetramisole 1 mM on APS,
orthodromic population spike (OPS) and slow field PSP (fPSP) recorded extracellularly (LFP) in the
supragranular layers of mouse somatosensory cortex. Electrical stimulation (80 pA, 200 psec) was
delivered in the white matter as pairs of pulses with an interval of 20 ms. Pairs of pulses delivered
every 10 s (0.1 Hz). Traces in e—g correspond to the average of 6 sweeps (1 min of recording). e The
first stimulation of the pair elicited an antidromic population spike (APS, —1.09 mV) followed by
barely visible orthodromic spikes (not indicated) and by a slow positive component (fPSP). The
second stimulation of the pair induced an APS whose amplitude (—1.10 mV) was identical to the one
obtained after the first stimulation, followed by a well developed orthodromic population spike
(OPS) and by a larger fPSP. The increase in amplitude of the orthodromic responses was due to
paired-pulse facilitation. f Orthodromic responses (both OPS and fEPSP) were completely
suppressed by tetramisole 1 mM and the antidromic response was reduced to —0.49 (first APS) or —
0.51 (second APS) mV. g Both antidromic and orthodromic responses recovered upon return to
control ACSF. APS amplitudes were —0.97 and —1.10 mV (first and second APS respectively). h—
j Effect of tetramisole in an intracellularly recorded neuron. The intracellular recording (IC) was
performed simultaneously with the LFP recording whose traces are displayed in e—-g. Each panel
shows 8 superimposed sweeps. The stimulation artifact was digitally removed. The white matter
stimulation did not elicit an antidromic response in this neuron but it induced an EPSP whose
amplitude, in control condition (h), was large enough to trigger orthodromic spikes, especially after
the second pulse of the stimulus pair as a result of paired-pulse facilitation. i EPSP amplitude was
drastically reduced by tetramisole (1 mM) and was too small to bring the membrane potential to firing
threshold. j After tetramisole washout, EPSP amplitude came back to control value and reached spike
firing threshold

orthodromic responses were more prominent after the second stimulation as a result
of paired-pulse facilitation. In the presence of tetramisole (1 mM), the orthodromic
responses were completely suppressed while the antidromic response was reduced
to 45 % (first APS) or 46 % (second APS) of the control amplitude (Fig. 12.1f). The
effect of tetramisole was reversible (Fig. 12.1g).

One intracellular recording was performed simultaneously with the extracellular
LFP recording of Fig. 12.1e-g. In control ACSF, the intracellularly recorded
response (Fig. 12.1h) consisted in an excitatory postsynaptic potential (EPSP) of
22 mV amplitude. The EPSP eventually triggered orthodromic action potentials
after the first stimulation, and systematically did so after the second stimulation
(Fig. 12.1h). The slow EPSP and fast action potentials offer a mirror image of the
orthodromic responses recorded extracellularly (Fig. 12.le). The postsynaptic



12 TNAP and Tetramisole, an Electrophysiological Approach 249

response was nearly completely suppressed by tetramisole 1 mM (Fig. 12.1i) and
the peak of the remnant depolarization (4 mV) remained far below action potential
threshold. Both responses recovered upon return to control ACSF (Fig. 12.1j).
Since the resting membrane potential did not depolarize in the presence of te-
tramisole, the reduction of ortho- and antidromic response amplitude cannot be
attributed to a depolarization block.

Figure 12.2a represents the effect of different concentrations of tetramisole on
the antidromic population spike amplitude at the population level. Response
amplitudes were normalized by the control response amplitude and are expressed as
percentage of the control response amplitude. The reduction of the antidromic
response amplitude was dose-dependent (ANOVA, P < 0.0001) and reversible. In
comparison to control and recovery, response amplitude was significantly reduced
with tetramisole at 0.5, 1, 2 and 5 mM (PLSD Fischer test, P < 0.0001 for all
comparisons). Response suppression was nearly complete with 2 mM tetramisole
(4.4 % + 0.04 of control response amplitude).

Figure 12.2C shows the dose-response relationship for antidromic response
reduction fitted with Hill’s equation:

R =100 — 100 x 1€l + ¢
where R represent the normalized response amplitude (% of control), C the te-
tramisole concentration, ICsy the concentration producing half the maximal effect,
and n the Hill coefficient determining the slope of the curve. The ICs returned by
the fit was 0.73 £ 0.08 (SE) mM and the Hill coefficient was 3.04 + 0.38.

Tetramisole also reduced the amplitude of the orthodromic responses in a
dose-dependent manner (ANOVA, P < 0.0001, Fig. 12.2b). The amplitude of
orthodromic response was significantly less than control and recovery with te-
tramisole at 0.5 and 1 mM (PLSD Fischer test, P < 0.0001 for all comparisons).2

Comparing Fig. 12.2a, b, it can be seen that, with tetramisole at 0.5 and 1 mM,
orthodromic responses were significantly more reduced than antidromic responses.
With 0.5 mM the antidromic response amplitude represented 73 + 4 % of the
control whereas the orthodromic response was reduced to 35 + 12 % of the control
(P = 0.01, paired t-test); likewise, with 1 mM tetramisole the antidromic response
amplitude (42 = 4 % of control) was less reduced that the orthodromic response
(9 £ 6 % of control) (P = 0.0002). The stronger effect of tetramisole on orthodromic
response amplitude is confirmed by the Hill’s equation fitted to the dose-response
relationship, which returned an ICsy of 0.41 + 0.15 mM (Fig. 12.2d). The Hill
coefficient was 2.97 + 2.27.

2Orthodromic responses could not be tested with 2 mM tetramisole: among the 4 experiments in
which we used this concentration, 2 showed no measurable orthodromic response in the control
condition, while in the other 2 experiments the orthodromic response obtained in the control
condition failed to recover.
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<« Fig. 12.2 Reduction of antidromic and orthodromic response amplitude by tetramisole is
dose-dependent. a-b Bar graphs illustrating effect of various tetramisole (“Tet” on x-axis)
concentrations (100 pM—5 mM) on antidromic (a) and orthodromic (b) response amplitude. Before
pooling amplitudes were normalized by the control amplitudes and are expressed as a percentage
of control response amplitude. Bar height represents the mean and error bars represent the SEM.
Note near complete suppression of antidromic responses with tetramisole at 2 mM, and of
orthodromic responses with tetramisole at 1 mM. In a and b the total number of tested
concentrations is larger than the number of controls and recoveries because in some experiments
several tetramisole concentrations were successively tested between one control and one recovery.
For the discrepancy in the number of controls and recoveries in a and b see legend of Fig. 12.5. c—
d Dose-response relationships for antidromic (¢) and orthodromic (d) responses. The dots show
mean normalized amplitudes, as in a—b, but the error bars represent 1 SD. The continuous lines
correspond to the Hill equation (see Results) fitted to the data. The fits were weighted by the
variance. The R? of the fits was 0.99 for both antidromic and orthodromic responses. The free
parameters values (ICsy and n) are displayed in the figure

12.3.2 Tetramisole Increases Antidromic Response Latency

In addition to decreasing their amplitudes, tetramisole also increased the latency of
the antidromic population spikes. This is illustrated with one example on Fig. 12.3a.
In this experiment we applied 3 different tetramisole concentrations. It can be seen
that both the onset latency and the latency to peak of the antidromic response
increased with increasing concentration of tetramisole. Increase in latency is even
visible with a tetramisole concentration of 0.5 mM although this concentration had
a marginal effect on response amplitude in this experiment.

For population level analysis we examined and quantified the effect of te-
tramisole on the latency to peak of the antidromic population spikes. As shown in
Fig. 12.3b, tetramisole had a clear, dose-dependent effect on peak latency
(ANOVA, P < 0.0001). Relative to control (100 %), the latency was significantly
increased (+11 = 1.5 %) with 200 uM tetramisole (PLSD Fischer test, P = 0.03),
although this concentration had no significant effect on response amplitude
(Fig. 12.2a). Increases in latency were also significant with 0.5 mM (+17 = 2 %,
P =0.0004), ] mM (+41 £5 %, P < 0.0001) and 2 mM tetramisole; with 2 mM
tetramisole, the latency was more than doubled (+110 £ 0.3 %, P < 0.0001). Thus,
tetramisole not only reduced the amplitude of the responses, but also increased their
latencies.

12.3.3 Tetramisole Reduces Amplitude and Increases Latency
of Axonal Population Spikes

The increase of antidromic response latency could have two origins. The first is that
tetramisole affected the somatic membrane potential, leading to an impairment of
the coupling between the axon and the cell body. The second is that the increase in
response latency originated from an action of tetramisole on the axons themselves.
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Fig. 12.3 Tetramisole increases antidromic response latency. a Effect of tetramisole at different
concentrations on antidromic population spikes in one experiment. LFP recordings in the
supragranular layers of the barrel cortex. Stimulation in the white matter (60 pA, 200 psec). Each
trace corresponds to the average of 30 sweeps (1 min recording) in control ACSF and in the
presence of tetramisole at 0.5, 1 and 2 mM. Tetramisole decreased response amplitude and
increased peak response latency (control: 2.33 ms; 0.5 mM: 2.86 ms; | mM: 3.47 ms; 2 mM:
4.78 ms; recovery: 2.42 ms). Onset latency also clearly increased in this experiment, indicating that
increased peak latency was not simply due to increased spike duration. b Bar graph summarizing
the effect of tetramisole (“Tet”, 0.1-2 mM) on the peak latency of antidromic population spike at
the population level. Effect of tetramisole at 2 mM has been examined in 4 experiments but the
response was completely suppressed in two of these so that latency could not be measured. Before
pooling latencies were normalized by the latency measured in control ACSF and are expressed as a
percentage of the control latency. Bar height: mean; error bars: SEM

In order to distinguish between these two possibilities, we made experiments in
which both stimulation and recording were performed in the corpus callosum. The
corpus callosum is the major axonal tract of the central nervous system. It mostly
contains myelinated axons. The electrical stimulation initiated axonal population
spikes that traveled along the axons. The axonal population spikes were recorded at
approximately 1 mm from the stimulating electrode. The example in Fig. 12.4a
illustrates the effect of tetramisole at 1 mM: as for antidromic population spikes
recorded in the cortical gray matter, the axonal population spike recorded in the
white matter showed both reduced amplitude and increased latency. The effects of
tetramisole (I mM) averaged over 4 experiments are summarized in Fig. 12.4b:
tetramisole significantly reduced the peak response amplitude to a value repre-
senting 56 = 7 % of the control amplitude (paired t-test, P = 0.008) and the peak
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Fig. 12.4 Tetramisole reduces axonal population spike amplitude and reduces axonal conduction
velocity. For these experiments both stimulation and recording were performed in the corpus
callosum. a Example of the effect of tetramisole (1 mM) on axonal population spike amplitude and
latency. Each trace corresponds to the average of 6 sweeps (1 min recording). Stimulation in the
midline of the corpus callosum; recording approximately 1 mm lateral to the midline, below motor
cortex. The amplitude of the axonal population spike was reduced in tetramisole 1 mM (control: —
0.33 mV; tetramisole 1 mM: —0.14 mV; recovery: —0.32 mV). The peak latency was increased in
tetramisole (control: 2.25 ms; tetramisole 1 mM: 3.54 ms; recovery: 2.10 ms), implying reduced
conduction velocity in the axons. b Effects of tetramisole 1 mM (“Tet 1 mM”) on the amplitude
and latency of axonal population spikes, group data. Amplitudes and latencies normalized by
control values. The squares represent the mean peak latency and the circles represent the mean
amplitude; the error bars represent the SEM

latency was significantly increased by +43 £ 10 % relative to the control latency
(P =0.02, Fig. 12.4b). These data indicate that action potential transmission along
the axons, hence axonal conduction velocity, was altered by tetramisole.

12.3.4 Effect of Tetramisole on Antidromic Population Spikes
Is not Compensated by Pyridoxal

The data we have presented thus far suggest that orthodromic and antidromic
response suppression by tetramisole results in large part from an impaired trans-
mission of action potentials along the axons. Action potential electrogenesis in
myelinated axons takes place at the node of Ranvier. Coincidentally, TNAP appears
to be highly concentrated at the nodes of Ranvier. Since one of the main substrate of
TNAP is PLP, we hypothesized that tetramisole, by preventing extracellular PLP to
PL conversion, perturbed an (unknown to us) intracellular PL/PLP-dependent
mechanism involved in action potential initiation and/or propagation. To test this
possibility, we recorded antidromic population spikes and compared the effect of
tetramisole 1 mM with the effect of tetramisole 1 mM to which we added PL,
expecting that exogenous PL. would compensate for the inhibition of TNAP by
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tetramisole. We used a PL concentration of 10 uM, a value much larger than the
concentration measured in the CSF (<0.1 uM: Spector 1978, van der Ham et al.
2012). An example is presented in Fig. 12.5a. The effect of tetramisole alone is
identical to that illustrated previously: a reduction of the antidromic population
spike amplitude associated with an increased latency. Yet the trace obtained with
tetramisole 1 mM + PL 10 uM is nearly identical to that obtained with tetramisole
1 mM alone, indicating that PL did not palliate the action of tetramisole. When
examined at the population level (Fig. 12.5b), the mean population spike amplitude
measured in the presence of tetramisole did not differ significantly from that
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Fig. 12.5 Extracellular PL does not compensate for the effect of tetramisole. a Comparison of the
effects of tetramisole at 1 mM and tetramisole 1 mM + pyridoxal 10 pM in one experiment.
Recording in the supragranular layers of the somatosensory cortex, stimulation in the white matter.
Each trace is the average of 30 sweeps (1 min recording) in control ACSF (control and recovery),
in ASCF + tetramisole 1 mM, and in ACSF + tetramisole 1 mM + PL 10 um. Tetramisole reduced
the antidromic population spike amplitude and increased its latency, and completely suppressed
the slow postsynaptic response (fPSP). PL did not compensate for the effect of tetramisole. b Bar
graph summarizing the effect of tetramisole 1 mM or tetramisole 1 mM + PL 10 pM on antidromic
population spike amplitude. As previously data were normalized by control response amplitude
and are expressed as a percentage of control response amplitude. Bar height: mean; error bars:
SEM. The discrepancy between the number of controls and recoveries comes from one experiment
in which the order of drug application and tests was: control ACSF — tetramisole 1 mM
— tetramisole 1 mM + PL 10 uM — tetramisole 1 mM. Response amplitude during the first and
second application of tetramisole 1 mM were perfectly identical, and therefore fitted with our
stationarity criteria although recovery was not tested in regular ACSF in this experiment
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measured in the presence of tetramisole + PL (paired t-test, P = 0.11, n = 4
experiments). On the other hand, both were significantly less than the control
response amplitude (tetramisole 1 mM alone: 45 = 9 % of control, P = 0.008; te-
tramisole 1 mM + PL 10 uM: 42 £ 8 % of control, P = 0.005). In short, the
decreased amplitude and increased latency of the antidromic responses cannot be
explained by the alteration of a PL/PLP-dependent mechanism consecutive to
TNAP inhibition by tetramisole.

12.3.5 Effect of Tetramisole Is not Compensated
by Adenosine and Is not Mimicked by ATP

As outlined in the introduction, TNAP could be one of the ectonucleotidases
involved in extracellular adenosine synthesis. Noticeably, a study (Irnich et al.
2002) suggested that adenosine receptors might control the excitability of peripheral
nerves axons, although we are not aware of any study demonstrating that this also
applies to cortical axons. Therefore, another possibility we examined was that the
reduction of antidromic and axonal population spike amplitudes could be consec-
utive to a decrease in extracellular adenosine concentration due to TNAP inhibition
by tetramisole. To explore this possibility, we compared the effect of tetramisole
1 mM alone with those of tetramisole 1 mM to which 100 uM of adenosine was
added. This concentration of adenosine corresponds to the one that has maximal or
near maximal effect on Al receptors in cortex (Fontanez and Porter 2006).
However, exogenous adenosine did not compensate for the effect of tetramisole.
The example shown in Fig. 12.6a shows that the antidromic population spike in the
presence of 1 mM tetramisole + 100 M adenosine was barely distinguishable from
that obtained in the presence of tetramisole alone. Both were strongly decreased in
amplitude in comparison to control and recovery traces. On average (3 experiments,
Fig. 12.6b), the antidromic population spike reduction with tetramisole
1 mM + adenosine 100 uM did not differ significantly from that observed with
tetramisole 1 mM alone (P = 0.09, paired t-test, 52 £ 11 % vs. 40 £9 % of control
response amplitude respectively). Both were significantly reduced in comparison to
control (P = 0.04 and P = 0.02 respectively). Therefore, reduction of response
amplitude in the presence of tetramisole does not seem to be explained by a reduced
extracellular concentration of adenosine following TNAP inhibition by tetramisole.

Alternatively, blocking the ectonucleotidase activity of TNAP may also have led
to an increased concentration of extracellular ATP. We therefore examined whether
increasing extracellular ATP concentration mimicked the effect of tetramisole on
antidromic population spikes (n = 2). As illustrated in Fig. 12.6c, extracellular ATP
(1 mM) did not modify the amplitude or the latency of the antidromic responses.
This suggests that the effect of tetramisole on antidromic population spikes is not
the consequence of a heightened extracellular concentration of ATP due to TNAP
inhibition.
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Fig. 12.6 High extracellular adenosine concentration does not compensate for the effect of
tetramisole and the effect of tetramisole is not mimicked by high extracellular ATP concentration.
a Comparison of the effects of tetramisole at 1| mM and tetramisole 1 mM + adenosine 100 uM.
Recording in the supragranular layers of the somatosensory cortex, stimulation (100 pA, 300 ps) at
the white matter-layer 6 border. Each trace is the average of 30 sweeps (1 min recording) in control
ACSF (control and recovery), in ASCF + tetramisole 1 mM, and in ACSF + tetramisole
1 mM + adenosine 100 um. As previously, tetramisole reduced the amplitude and increased the
latency of the APS and eliminated the fPSP. Adenosine did not reverse the effect of tetramisole.
b Bar graph summarizing the effect of tetramisole 1 mM or tetramisole 1| mM + adenosine
(Ade) 100 pM on antidromic population spike amplitude. Amplitudes normalized by control
values and expressed as a percentage of control response amplitude. Bar height: mean; error bars:
SEM. ¢ ATP (1 mM) does not mimic the effect of tetramisole. Recording in the supragranular
layers of the somatosensory cortex, stimulation (100 pA, 300 psec) in the white matter. Each trace
is the average of 30 sweeps (1 min recording) in control ACSF (control and recovery) and in
ASCF + ATP 1 mM
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12.3.6 The Effect of Tetramisole Is not Stereo-Specific

Although they constitute two of the identified metabolites of TNAP, exogenously
applied adenosine or PL did not compensate for the effect of tetramisole on neu-
ronal response amplitude. In addition, the ICsq for neuronal response suppression
by tetramisole (Fig. 12.2c, d) was much higher than that expected given the ICsq
values reported for TNAP inhibition by levamisole or tetramisole in biochemical
assays on cell extracts or cell cultures (Van Belle 1972, 1976a, 1976b; Goldstein
et al. 1980; Anagnostou et al. 1996; Calhau et al. 2000; Picher et al. 2003;
Sergienko and Millan 2010; Debray et al. 2013): the ICs, that has been reported in
these studies is between 10 and 70 pM. In addition, the slope of the Hill equation
fitted to our data was close to 3, while a Hill coefficient value close to 1 has been
reported for the inhibition of TNAP by levamisole (Suzuki et al. 1994). Altogether,
these negative results and discrepancies led us to suspect that tetramisole may have
acted on a target other than TNAP.

Studies showed that levamisole (the levorotatory enantiomer of tetramisole), but
not dexamisole (the dextrorotary enantiomer of tetramisole), is effective at inhib-
iting TNAP (Van Belle 1972, 1976b; Borgers 1973). If inhibition of TNAP activity
was responsible for the effects we observed, then it should also be stereo-specific. It
follows that the effect observed with a given concentration of tetramisole should be
mimicked by levamisole at half that concentration. We therefore compared the
effect of levamisole and tetramisole on antidromic response amplitude in 7
experiments. In each of these experiments 1 or 2 different concentrations of lev-
amisole (0.5 or 1 mM) and identical concentrations of tetramisole were used. The
prediction was that levamisole at 0.5 mM should have the same effect as tetramisole
at 1 mM.

The results we obtained did not fit with this prediction. As illustrated in
Fig. 12.7a, levamisole at 0.5 and 1 mM reduced both antidromic and orthodromic
response amplitude and increased response latency, in a way comparable to te-
tramisole. Summary data in Fig. 12.7b show a highly significant reduction of
antidromic response amplitude by both tetramisole and levamisole at 0.5 and 1 mM
(ANOVA, P < 0.0001; PLSD Fisher test: P < 0.0001 for levamisole at 0.5 and
1 mM compared to control). However, the reduction of antidromic population spike
amplitude by levamisole at 0.5 mM (67 = 5 % of control response amplitude) was
not significantly different (P = 0.9) from that of tetramisole at 0.5 mM (68 = 3 % of
control response amplitude). Likewise, the effect of levamisole at 1 mM did not
differ significantly (P = 0.3) from that of tetramisole at 1 mM (46 + 6 % and
40 £ 6 % of control response amplitude, respectively). On the other hand, levam-
isole at 0.5 mM was significantly less potent than tetramisole at 1 mM (P < 0.0001).
These results show that the effect of tetramisole is not stereo-specific. This strongly
suggests that the reduction of response amplitude induced by tetramisole was not
mediated by TNAP.
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Fig. 12.7 Comparison of the effectiveness of tetramisole and levamisole on antidromic population
spike amplitude reduction indicates lack of stereo-specificity in the action of tetramisole. a Example
of the effects of levamisole at 0.5 and 1 mM. Recording in the supragranular layers of the barrel
cortex, stimulation (65 pA, 200 ps) at the white matter-layer 6 border. Each trace is the average of 6
sweeps (1 min recording) in control ACSF (control and recovery) and in ASCF containing either 0.5
or 1 mM levamisole. As with tetramisole, levamisole reduced the amplitude and increased the
latency of the antidromic population spike (APS). As with tetramisole, levamisole also suppressed
the slow postsynaptic response (fPSP). b group data. “Tet” and “Lev” on x-axis refer to tetramisole
and levamisole, respectively. Bar height represents the mean percent change in APS amplitude, error
bars represent the SEM. Before averaging the amplitudes were normalized by the amplitude obtained
in the control condition. The data presented here come from 7 experiments in which at least one
concentration of levamisole and one concentration of tetramisole were tested in the same experiment.
The total number of controls is 14 because control measurements were performed before both
levamisole and tetramisole applications. One recovery not tested. Total number of measurements in
levamisole and tetramisole sums to 18 because several concentrations of tetramisole or levamisole
were eventually tested between one control and one recovery. The mean amplitude obtained in
tetramisole 0.5 mM does not differ significantly from that obtained in levamisole 0.5 mM, and
similarly when comparing tetramisole and levamisole at 1 mM

12.3.7 The Effect of Tetramisole Is not Mimicked
by MLS-0038949, Another TNAP Inhibitor

An additional proof that tetramisole reduced neuronal response amplitude indepen-
dently from TNAP inhibition was obtained by using another inhibitor of TNAP. This
inhibitor—MLS-0038949—has been recently isolated and shows a very high
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Fig. 12.8 Antidromic population spikes are not affected by MLS-0038949, another TNAP
inhibitor. In this experiment, recording was performed in the supragranular layers of the barrel
cortex and stimulation (100 pA, 200 us) was applied in the white matter. Each trace is the average
of 6 sweeps (1 min recording). Since MLS-0038949 was dissolved in DMSO, two controls were
performed, one in regular ACSF and the other in ACSF + DMSO 0.1 %. DMSO had no effect the
antidromic population spike. As in previous experiments, tetramisole (here at 0.5 mM) reduced the
amplitude of the antidromic population spike and increased its latency. In contrast, MLS-0038949
(10 uM) had no effect on the amplitude and latency of the antidromic population spike

specificity for TNAP (Dahl et al. 2009). In Dahl et al. (2009) study, the 1Csq for
MLS-0038949 was about 0.2 uM and a complete inactivation of TNAP activity was
achieved with 10 uM of MLS-0038949. In control histochemical experiments, we
found that MLS-0038949 at 10 uM largely inhibited TNAP activity in mouse brain
slices as assessed by histochemisty (NBT-BCIP method, as in Fonta and Imbert 2002)
(not illustrated). We therefore examined the effect of MLS-0038949 at 10 uM in 3
experiments. Results of one of these experiments are presented in Fig. 12.8. Since
MLS-0038949 was dissolved in DMSO to a final concentration of 0.1 % DMSO in
ACSF (Methods), we first checked that DMSO 0.1 % per se had no effect on the
response; the response obtained in ACSF + DMSO 0.1 % (Fig. 12.8, dashed line) is
indistinguishable from that obtained in regular ACSF. We also checked that te-
tramisole had its usual action on the antidromic population spike; here again te-
tramisole (500 uM in this experiment) reduced the response amplitude and increased
the peak response latency (Fig. 12.8, short dash). On the other hand, the antidromic
population spikes was completely unaffected by MLS-0038949 at 10 uM (Fig. 12.8,
thick solid line). The two other experiments failed to show any change on antidromic
response amplitude and latency as well. These results confirm that the effects of
tetramisole and levamisole on antidromic responses were not due to these compounds
inhibiting TNAP activity.

12.3.8 Tetramisole Modifies Action Potential Shape
and DV/Dt

In order to untangle how tetramisole reduced antidromic population spike ampli-
tude, we next sought to examine its action on action potential electrogenesis using
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Fig. 12.9 Tetramisole prolongs action potential duration and reduces action potential rate-of-rise.
a Action potentials were induced by intracellular current injection in an intracellularly recorded
neuron (same cell as in Fig. 12.1h—j). Each trace corresponds to the average of 30 action potentials
for each condition. Note reduced amplitude and prolonged duration in tetramisole 1 mM. b Each
trace corresponds to the temporal derivative (dV/dt) of the action potential traces shown in a. The
maximum rate of rise of the action potential (positive peak in the dV/dt) was reduced to 48 % of
the control value in tetramisole 1 mM (control: 316 V/s; tetramisole 1 mM: 152 V/s; recovery:
302 V/s). These data suggest that the voltage-dependent sodium channels responsible for action
potential upstroke were partially blocked by tetramisole 1 mM

intracellular recording in somatosensory cortex neurons. Although several cells
have been recorded, only one has been held for long enough to obtain a control
baseline, to examine the effect of tetramisole (1 mM), and to achieve a complete
recovery. The results presented here are therefore very preliminary.

We observed that tetramisole (1 mM) modified the shape of the action potentials.
This is illustrated in Fig. 12.9a, where each trace corresponds to the average of 30
action potential traces; these action potentials were induced by intracellular current
injection; the mean firing rate induced by these current injections was around 40
spikes/sec in the three conditions. In comparison to the control trace, the action
potential in the presence of 1 mM tetramisole showed a decrease in amplitude
together with an increased duration. This effect of tetramisole was reversible.

We next computed the first derivative of the action potential (dV/dt). The
positive peak in the dV/dt corresponds to the maximum rate-of-rise of the action
potential. The maximum rate-of-rise, in turn, is a measure of the inward current
underlying the rise of the action potential (Hodgkin and Katz 1949). This inward
current is largely, if not entirely, determined by the voltage-dependent sodium
conductance (Hodgkin and Katz 1949; Cohen and Strichartz 1977; Hondeghem
1978; Carter and Bean 2009). It can be seen in Fig. 12.9b that tetramisole (1 mM)
reduced the maximum rate of rise of the action potential to half the control value.
This effect was completely reversible. This result suggests that voltage-dependent
sodium channels were partially blocked by tetramisole at 1 mM.
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12.4 Discussion

Our study disclosed a new action of tetramisole and levamisole on neuronal signal
transmission, which appears to be independent of these compounds acting on
TNAP. We showed that tetramisole and levamisole reduced both antidromic and
orthodromic response amplitude in mouse somatosensory cortex in a
dose-dependent manner. This is a hitherto undocumented effect of tetramisole and
levamisole. Yet our control experiments showed that these effects of tetramisole
were not explained by inhibition of TNAP. Instead, the decrease of axonal con-
duction velocity and preliminary intracellular data suggest that tetramisole and
levamisole may block voltage-dependent sodium channels. These results imply
that, in addition to inhibiting TNAP, levamisole or tetramisole at concentration =1
or 22 mM completely inhibit all orthodromic and antidromic neuronal activity,
respectively, and are therefore likely to suppress all processes that are
activity-dependent in living brain cells, such as, among others, axonal growth,
myelination or synaptic plasticity.

12.4.1 Suppression of Neuronal Activity by Tetramisole
and Levamisole is not Due to TNAP Inhibition

Neuronal responses, both orthodromic and antidromic, were reduced by tetramisole
and levamisole (Figs. 12.1, 12.2 and 12.7). These effects are unlikely to be due to
TNAP inhibition, for several reasons:

First, the dose-response relationships (Fig. 12.2) appear to be very different from
those reported for TNAP inhibition by tetramisole or levamisole. The ICsy we
report here were 730 pM for antidromic response and 410 uM for orthodromic
responses. Both values are much larger than those reported for TNAP inhibition by
levamisole in biochemical assays on cell extracts or on cells cultures—in the range
of 10-70 uM (Van Belle 1972, 19764, b; Goldstein et al. 1980; Anagnostou et al.
1996; Picher et al. 2003; Sergienko and Millan 2010; Debray et al. 2013), including
brain cell extracts (ICso = 44 uM in Calhau et al. 2000). In addition the exponent of
the Hill equation fitted to our data was close to 3, whereas TNAP inhibition has a
Hill coefficient close to 1 (Suzuki et al. 1994).

Second, neuronal activity block was not rescued by the application of exogenous
adenosine or PL (Figs. 12.5 and 12.6), although these were the metabolites whose
extracellular concentrations were presumed to be reduced by TNAP inhibition in
our experimental conditions (see Introduction).

Third, in our experiments equivalent concentrations of levamisole and tetrami-
sole reduced neuronal responses by the same amount (Fig. 12.7). Given that te-
tramisole contains both levamisole and dexamisole in identical proportions, this
implies that dexamisole had the same potency at inhibiting neuronal responses as
levamisole. This further rules out TNAP inhibition as being responsible for the
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effects reported here, given that only levamisole if effective at inhibiting TNAP
(Van Belle 1972, 1976b; Borgers 1973).

Fourth and finally, blockage of neuronal activity by levamisole and tetramisole
were not mimicked by MLS-0038949, a new and highly selective inhibitor of
TNAP (Dahl et al. 2009) (Fig. 12.8).

Our results should not be interpreted as meaning that tetramisole or levamisole
did not inhibit TNAP in our experimental conditions. Indeed, we performed control
histochemical experiments (same method as Fonta and Imbert 2002) using brain
slices prepared as for the electrophysiological experiments. These experiments
confirmed that AP activity was effectively inhibited by tetramisole (not illustrated).
Therefore, TNAP inhibition likely took place in our electrophysiological experi-
ments but its consequences on synaptic transmission, if they occurred, were masked
by the suppression of neuronal activity by tetramisole and levamisole.

12.4.2 Tetramisole and Levamisole May Suppress Neuronal
Activity by Blocking Voltage-Dependent Sodium
Channels

If TNAP inhibition was not responsible for the decrease in neuronal response
amplitude produced by levamisole and tetramisole, then what other targets could
explain the effects we observed? Two observations suggest that voltage-dependent
sodium channels were blocked by tetramisole and levamisole.

First, with concentrations of tetramisole that did not completely suppress the
responses, we observed that the latency of the antidromic population spikes
increased (Fig. 12.3). The same effect was noticed when recording from axons in
the corpus callosum (Fig. 12.4). These results indicate a slowing down of action
potential propagation along the axons. Slowing down of action potential propa-
gation speed in axons is not observed with compounds that block
voltage-dependent potassium channels (Bostock et al. 1981; Fox and Ruan 1989),
but it is typically observed with compounds that block voltage-dependent sodium
channels such as TTX (Pinto et al. 2008), phenytoin (Le Quesne et al. 1976; Marcus
et al. 1981) and several local anesthetics such as procaine (Franz and Perry 1974)
and lidocaine (Raymond 1992; Yokota et al. 1994; De Col et al. 2008).
Interestingly, a pharmacological study reported that levamisole possesses local
anesthetic properties with a potency representing half that of lidocaine
(Onuaguluchi and Igbo 1987); the EDs(, obtained in this study was quite close to the
ICs( we report here for the reduction of antidromic population spike amplitude.

Second, studies showed that the compounds that reduce axonal conduction
velocity also reduce the peak height of the action potential dV/dt (TTX: Kao and
Walker 1982; phenytoin: Selzer 1979, Hershkowitz and Ayala 1981; procaine:
Ibusuki et al. 1998; lidocaine: Schwarz and Puil 1998). Since the peak height in the
dV/dt is a measure of the sodium current underlying action potential electrogenesis,
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the reduction of the dV/dt,.x observed in the present study (Fig. 12.9) further
supports the possibility that tetramisole blocks voltage-dependent sodium channels,
although additional studies are required for a definitive confirmation. It is also
presently unclear whether tetramisole directly blocks voltage-dependent sodium
channels, or whether this effect is secondary to tetramisole acting on intracellular
signaling pathways that control sodium channel gating properties.

Complete suppression of antidromic responses required a tetramisole concen-
tration of about 2 mM whereas orthodromic responses were nearly completely
suppressed with 1 mM tetramisole. Likewise, the ICsy for the two types of
responses differed by a factor close to 2. We can only speculate on the origin of this
discrepancy. The postsynaptic response is proportional to the amount of neuro-
transmitter released, which is determined by calcium influx inside the presynaptic
terminals, which is itself the result of the activation of high threshold
voltage-dependent calcium channels by sodium spikes in the axon terminals.
Reduction of sodium spike amplitude may then results in a decreased neurotrans-
mitter release but, to fit with our data, a nonlinearity in the presynaptic spike
amplitude to postsynaptic response transform would be required. Alternatively,
high threshold voltage-dependent calcium channels, which show some structural
homologies with voltage-dependent sodium channels (e.g., Zakon 2012), may also
be blocked by tetramisole.

12.4.3 Other Targets of Tetramisole and Levamisole
in the Nervous System

It has long been shown that tetramisole and levamisole inhibit TNAP. The results
we report here further suggest that tetramisole and levamisole may also block
voltage-dependent sodium channels. In addition to these two targets, tetramisole
and levamisole have been reported to have other actions in the nervous system. We
shall first review studies that examined the effect of tetramisole and levamisole
using electrophysiological approaches. These studies have been very few and
concentrated mostly on nematode neuromuscular junction and mammalian
peripheral nervous system.

12.4.3.1 Tetramisole, Levamisole and Acetylcholine Receptors

Tetramisole has originally been isolated for its anthelmintic properties (Thienpont
et al. 1966; Raeymaekers et al. 1966). Initially based on screening tests in chicken,
tetramisole was proven to be efficient against both intestinal and pulmonary nem-
atode infections in a dozen mammalian species including human and tiger.
Levamisole was shown to be the effective compound while dexamisole has no
anthelmintic properties (Bullock et al. 1968). The action of tetramisole and
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levamisole consists in a paralysis of the nematodes (Thienpont et al. 1966; Aceves
et al. 1970; Atchison et al. 1992). Nematode paralysis results from a maintained
depolarization of their muscle cells (Aceves et al. 1970; Harrow and Gration 1985;
Atchison et al. 1992). Muscle cell depolarization is the consequence of levamisole
acting as an agonist on neuromuscular acetylcholine (ACh) receptors of the nem-
atode (Lewis et al. 1980; Harrow and Gration 1985; Robertson and Martin 1993).

Fortunately in mammals levamisole does not appear to be an agonist of the
neuromuscular ACh receptor (Atchison et al. 1992; Rayes et al. 2004). Instead, on
the basis of their pharmacological profiles (Lewis et al. 1980) and of genetic
homologies (Fleming et al. 1997), it has been proposed that the neuromuscular ACh
receptors that are activated by levamisole in the nematodes are homologous to
ganglionic ACh receptors of mammals.

Nevertheless, the effect of levamisole on the ganglionic ACh receptors of
mammals (a3pB2 and a3p4 receptors) is unlike that observed in nematodes
(Levandoski et al. 2003): levamisole applied alone has virtually no effect and
therefore does not behave as an agonist of the ganglionic ACh receptors. On the
other hand, levamisole modulates the response to exogenously applied ACh. Yet
this modulation appears to be complex, as it depends on both levamisole and ACh
concentrations. Thus the modulation exerted by levamisole can be either facilitatory
or inhibitory.

Beside autonomic ganglia, the a3B2 and a334 receptors can be found in different
brain regions but not in cortex (Perry et al. 2002). A large fraction of the nicotinic
receptors found in cortex corresponds to the a4p2 subunits composition, for which,
to our knowledge, levamisole action has not been examined. The a7* is another
ACh receptor family that is largely represented in cortex (Paterson and Nordberg
2000) but levamisole does not seem to have any effect on this receptor family
(Bartos et al. 2006).

12.4.3.2 Inhibition of Noradrenaline Reuptake by Dexamisole,
Levamisole and Tetramisole in Peripheral Nervous System

In addition to cholinergic transmission, noradrenergic transmission in the peripheral
nervous system also appears to be affected by tetramisole and levamisole
(Vanhoutte et al. 1977; Pires et al. 1979; Gulati et al. 1985). In the various prep-
arations studied (heart, smooth muscle, vas deferens), levamisole or tetramisole had
no effect when applied alone and therefore do not appear to be agonists of nor-
adrenaline (NA) receptors. Nonetheless, levamisole and tetramisole produced an
enhancement of the response to endogenously released or to exogenously applied
NA (Vanhoutte et al. 1977; Pires et al. 1979; Gulati et al. 1985). Response
enhancement appeared to result from an inhibition of NA reuptake. The concen-
trations of levamisole or tetramisole required for near complete NA uptake inhi-
bition were <40 pM. Dexamisole was more potent than levamisole (Vanhoutte
et al. 1977).
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The potency of levamisole represented half that of cocaine (Pires et al. 1979) and
when NA uptake was already blocked by cocaine, levamisole had no further effect
(Gulati et al. 1985), suggesting that levamisole and cocaine were affecting and
competing for the same uptake mechanism. Several NA uptake inhibitors, such as
cocaine and amphetamines, also inhibit dopamine uptake. Whether this is also the
case for levamisole is not known to us but this could provide an explanation as to
why illegal cocaine is now so often adulterated with levamisole.

In summary, tetramisole and levamisole may have—at least—4 different effects
in the nervous system of mammals:

e Inhibition of TNAP, that may have multiple consequences resulting from
interference with numerous PLP-dependent enzymes, including GABA syn-
thesizing enzymes, or from modifications of the extracellular concentrations of
ATP and adenosine.

Modulation of responses mediated by ganglionic ACh receptors.
Blockage of NA uptake mechanism.

e Blockage of voltage-dependent sodium channels, as reported in the present

study.

In addition to these 4 targets, studies suggested that levamisole and tetramisole
may affect additional targets in the nervous system, although these are less firmly
established. Hence it has been proposed that tetramisole and levamisole could inhibit
acetylcholinesterase (Eyre 1970) and monoamine oxidase (Vanhoutte et al. 1977).
One study suggested that levamisole interferes with opiate receptors (Spector et al.
1998) but the levamisole doses that have been used in this study have been shown to
be deadly in other studies (Mohammad et al. 2006; Rehni and Singh 2010).

12.4.4 Side Effects of Tetramisole and Levamisole Therapies

Levamisole and tetramisole received multiple medical applications: first as an
anthelmintic, later on as an immunostimulant for the treatment of a number of
diseases.

When used as an anthelmintic, levamisole and tetramisole are used in a single
dose and, unless overdosing (Joly et al. 1998), this regimen has not been reported to
have serious side effects.® On the other hand, serious side effects have been noticed
with the chronic (several weeks or months) use of levamisole.

The chronic use of levamisole was largely based on studies reporting that te-
tramisole and levamisole possess immunostimulating properties (e.g., Renoux and
Renoux 1972; Brugmans et al. 1973; Pabst and Crawford 1975; Spreafico et al. 1975;

3Adverse reactions after single levamisole or tetramisole doses have been consistently reported in
veterinary medicine, and were usually attributed to their actions on ganglionic ACh receptors
(reviewed in Hsu 1980).
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Renoux et al. 1976; Hadden et al. 1977). Levamisole has thus been used to boost the
immune system of patients suffering diseases that were supposed to be associated
with, or that received treatments leading to, decreased immunity. Hence levamisole
has been used for the treatment of rheumatoid arthritis (Schuermans 1975), of
pediatric nephrotic syndrome (Tanphaichitr et al. 1980; Niaudet et al. 1984; Mongeau
et al. 1988; British Association for Paediatric Nephrology 1991) and against various
skin infections (reviewed in Hadden et al. 1977). Nevertheless, more recent studies
have somehow questioned the efficacy of levamisole as an immunostimulant (e.g.:
Toivanen et al. 1981; Webster et al. 1982; Aymard et al. 1984; Schiller et al. 1991;
Ahmed et al. 1996). Likewise, studies questioned the efficacy of levamisole in the
treatment of rheumatoid arthritis (Dinai and Pras 1975) or skin infections (Chang and
Fiumara 1978; Seidlin and Straus 1984; Sanchez 2000).

Levamisole has also been used as an immunostimulant in cancer therapy. In this
context, levamisole, when used alone, proved to be of limited efficacy (e.g.,
Toivanen et al. 1981; Treurniet-Donker et al. 1987; Arnaud et al. 1989; Barth and
Morton 1995; Moertel et al. 1995) and has even been reported to be worse than
placebo (e.g., Chlebowski et al. 1994). On the other hand, quite favorable outcomes
have been reported when levamisole was combined with 5-fluorouracil in colon
carcinoma treatment (e.g., Moertel et al. 1995).4

Thus, with few exceptions (colon carcinoma and pediatric nephrotic syndrome
treatment), chronic levamisole treatments proved to be of limited efficacy. More
problematical, it appeared that chronic levamisole treatment was associated with
multiple side effects, some relatively mild and short-lived such as nausea and
diarrhea, other much more severe and eventually life threatening such as dermatitis,
cutaneous necrotizing vasculitis, leukopenia and agranulocytosis (e.g., Ruuskanen
et al. 1976; Parkinson et al. 1977; MacFarlane and Bacon 1978; Scheinberg et al.
1978; Chang and Fiumara 1978; Toivanen et al. 1981; Niaudet et al. 1984; Moertel
et al. 1990; reviewed in Symoens et al. 1978; Larocque and Hoffman 2012; Lee
et al. 2012).

Chronic levamisole treatment also led to serious neurological side effects, in
particular epileptic seizures and inflammatory leukoencephalopathy, that we shall
discuss below.

Beforehand, we shall remind that, although levamisole and tetramisole have
several putative targets in the CNS, the involvement of these targets in pathogenic
processes depends on their sensitivity to levamisole, hence to the concentration of
levamisole in the tissues. With respect to this issue, it is worth mentioning that the
plasmatic levamisole concentration is <5 pM in most individuals receiving single,
therapeutically relevant levamisole doses (Woestenborghs et al. 1981; Luyckx et al.

“In the context of cancer therapy, levamisole has also been reported to possess antiproliferative
action in vitro (Kovach et al. 1992; Artwohl et al. 2000). However, the levamisole concentrations
required to achieve significant effects in vitro appear to be much higher than the plasmatic
concentration of levamisole in clinical therapy. Levamisole concentration in a range similar to the
plasmatic concentration measured in patients fails to prevent the proliferation of cancer cell lines
in vitro (Grem and Allegra 1989; Wiebke et al. 2003).
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1983; Kouassi et al. 1986; Gwilt et al. 2000; Hess et al. 2014), although higher
plasmatic concentration (up to 8 uM in Luyckx et al. 1983) have been observed in a
minority of individuals. One study further suggested that levamisole may accu-
mulate following repeated daily doses (Reid et al. 1998). In any event, plasmatic
levamisole concentration was probably not much higher than 10—15 pM even in the
most intensive cures. This rules out the new action of levamisole that we describe
here since reduction of neuronal response amplitude and reduction of axonal
conduction velocity required tetramisole concentration >100—200 uM. On the other
hand, TNAP activity may be significantly affected by levamisole at around 10 pM.

12.4.4.1 Levamisole and Epileptic Seizures

Epileptic seizures have been observed, in all cases in children, during levamisole
therapy for the treatment of pediatric nephrotic syndrome (Ruuskanen et al. 1976;
Prieur et al. 1978; Palcoux et al. 1994). Seizures occurred after a delay of a few days
or weeks after the beginning of the treatment. In Prieur et al. (1978) study, epileptic
seizures were observed in 3/50 children. An action of levamisole on nicotinic
receptors has been evoked (Palcoux et al. 1994) but alternative mechanisms are quite
possible, in particular those involving TNAP inhibition by levamisole.

There are multiple types of epilepsy, each with its own etiology. Quite com-
monly, impairments of inhibitory mechanisms are involved. In this respect, it is
well established that dysfunctions of both GABA- (reviewed in Cossart et al. 2005;
Macdonald et al. 2010) and adenosine- (Pagonopoulou et al. 2006; Boison 2012)
mediated signaling can lead to epilepsy. As outlined in Introduction, the synthesis
of GABA involves TNAP through vitamin B6 metabolism, while the synthesis of
extracellular adenosine partially depends, in some structures, on the ectonucleoti-
dase activity of TNAP. That TNAP deficiencies result in epileptic seizures is well
documented: in human, epileptic seizures are often observed in perinatal and
infantile hypophosphatasia (e.g., Rathbun 1948; Fraser 1957; Béthenod et al. 1967;
Baumgartner-Sigl et al. 2007; Balasubramaniam et al. 2010; Taketani et al. 2014;
see also Chaps. 14 and 15) and TNAP KO mice, the murine model of severe
hypophosphatasia, also present with epileptic seizures (Waymire et al. 1995;
Narisawa et al. 1997). In parallel these mice show decreased level of GABA
(Waymire et al. 1995; Fonta et al. 2012). In these mice, seizure incidence was
reduced, though not definitely suppressed, by administration of PL. (Waymire et al.
1995; Narisawa et al. 2001). Altogether, these studies point toward a PLP metab-
olism deficiency, and its consequence on, at least, GABA synthesis, as the origin of
epileptic seizures in TNAP KO mice. In addition to reduced GABA level, we
recently observed that adenosine concentration is reduced in the brain of 7 day-old
TNAP*" mice (Fonta et al. 2014). This suggests that reduced adenosine level may
also participate in the generation of epileptic seizures in TNAP KO mice.

Since levamisole inhibits TNAP (among others), it is tempting do draw a parallel
between the epileptogenic action of levamisole (Ruuskanen et al. 1976; Prieur et al.
1978; Palcoux et al. 1994) and the epileptic phenotype that has been observed in
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both TNAP KO mice and in severe forms of hypophosphatasia. It is therefore
possible that levamisole, by inhibiting TNAP, impairs the balance of excitation and
inhibition by reducing the availability of GABA and/or adenosine, leading to
epileptic seizures in susceptible individuals.’

12.4.4.2 Levamisole and Multifocal Inflammatory
Leukoencephalopathy

The first cases of multifocal inflammatory leukoencephalopathy were reported in a
small proportion (<1 %) of patients treated for colon carcinoma with 5-fluorouracil
and levamisole (Hook et al. 1992; Kimmel and Schutt 1993; Leichman et al. 1993;
Neu 1993; Bozik and Gilbert 1994; Critchley et al. 1994; Fassas et al. 1994; Ferroir
et al. 1994; additional references in Wu et al. 2006). The patients presented neuro-
logical disorders such as diplopia, dysarthria, paresthesia, ataxia, short-term memory
impairments and/or loss of consciousness. In all cases MRI examination revealed
leukoencephalopathy with multiple white matter lesions. Histological examinations
performed from biopsies typically revealed extensive myelin loss and gliosis, but no
or only marginal axonal loss. Perivascular lymphocytes and macrophage infiltration
were consistently observed, demonstrating an inflammatory process in the leuko-
encephalopathy (Hook et al. 1992; Neu 1993; Fassas et al. 1994; Bozik and Gilbert
1994; Chen et al. 1994; Savarese et al. 1996; Murray et al. 1997; Israel et al. 2000; Liu
et al. 2006; Wu et al. 2006). It was initially unclear whether the lesions were due to
levamisole or to 5-fluorouracil but further studies and case reports indicated that
levamisole alone could be responsible (Chen et al. 1994; Kimmel et al. 1995; Lucia
et al. 1996; Liu et al. 2006; Wu et al. 2006). Years earlier, an experimental study
performed in dogs had revealed that chronic levamisole intake resulted in mononu-
clear cell infiltration in the brain parenchyma, eventually accompanied by demye-
lination, in the vast majority of tested animals (Vandevelde et al. 1978).

The clinical features of the inflammatory multifocal leukoencephalopathy
induced by levamisole are reminiscent of those observed in multiple sclerosis. This
is further supported by studies reporting interaction between multiple sclerosis and
levamisole: in a clinical trial, levamisole was used with the purpose to alleviate the
symptoms of multiple sclerosis, yet levamisole had the opposite effect: it worsened
the clinical picture in 5 of the 7 patients (Dau et al. 1976); this led to the premature
interruption of the trial. In studies using rat or mouse models of multiple sclerosis
(experimental allergic encephalomyelitis, EAE), levamisole increased both the
incidence and the severity of the disease, and inflammation and demyelination were
exacerbated in animals receiving levamisole in comparison to non-treated animals
(Spreafico et al. 1975; Hertz and Deghenghi 1985; Lucchinetti et al. 1997).

SThe epileptic seizures that have been observed in the course of chronic levamisole treatments
have all been reported in children but not in adults. This offers another interesting parallel with
vitamin B6 metabolism alteration: experimental studies showed that vitamin B6 deficiency results
in epileptic crisis in young animals but not in the adults (Daniel et al. 1942; Guilarte 1989).
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It is generally admitted that the etiology of multiple sclerosis involves an
autoimmune component (for review: Goverman 2009; Cie$lak et al. 2011; Stys
2013). In particular, T cells are suspected to play a prominent role in multiple
sclerosis. In parallel, it has been reported that the increase in cell-mediated
immunity by levamisole largely rests on the recruitment and activation of T cells
(e.g., Renoux et al. 1976). Thus the general belief was that levamisole-induced
multifocal leukoencephalopathy was the consequence of the immunostimulating
action of levamisole in patients with subclinical multiple sclerosis.

Yet, to our knowledge none of the studies that examined the etiology of
levamisole-induced multifocal leukoencephalopathy considered the possibility that
inhibition of TNAP by levamisole could be involved. A support for this possibility
is that TNAP is strategically located on Ranvier’s node (Pinner et al. 1964; Mori
and Nagano 1985; Fonta et al. 2005; Hanics et al. 2012). Here we propose two, non
exclusive hypothetical mechanisms, that both involve TNAP inhibition in
levamisole-induced multifocal leukoencephalopathy.

The first mechanism concerns the inflammatory reaction observed in
levamisole-induced leukoencephalopathy and a possible role for TNAP in this
process through its ectonucleotidase activity. There is now ample evidence that
inflammation is tightly associated with purinergic signaling (reviewed in: Khakh
and North 2006; Di Virgilio et al. 2009; Trautmann 2009; Cieslak et al. 2011;
Sperlagh and Illes 2014). To make a long story short, it has been shown that rises in
the extracellular concentration of ATP is pro-inflammatory, whereas extracellular
adenosine acts as an anti-inflammatory. It is also worth mentioning that purinergic
signaling is likely to control the severity of the deficits and the extent of the lesions
in EAE: the inactivation of both adenosine Al and A2, receptors aggravates
inflammation and demyelination (Tsutsui et al. 2004; Yao et al. 2012) while
blockade or inactivation of ATP P2X, receptors has the opposite effect (Matute
et al. 2007; Sharp et al. 2008).

ATP is released by axons, in proportion to action potential firing rate (reviewed in
Fields, 2011). In the extracellular space, ATP is rapidly degraded by ectonucleotid-
ases and TNAP, through its strategic location on Ranvier’s node, may play an active
role in setting the ATP/adenosine balance at this location. Inhibition of TNAP by
levamisole may thus lead to an increased extracellular ATP concentration and/or a
decreased extracellular adenosine concentration in the close vicinity of myelinated
structures. This could trigger a series of reactions, in particular secretion of a variety
of pro-inflammatory cytokines, that would ultimately result in monocyte infiltration
and myelin loss. This does not rule out the involvement of an autoimmune component
in levamisole-induced leukoencephalopathy. If this was the case, levamisole would
rather amplify the autoimmune response. In this sense TNAP inhibition by levam-
isole could be considered as “immunostimulating”. However this immunostimulation
would not be due to levamisole acting directly on immune cells (Schiller et al. 1991);
instead, by altering the extracellular ATP/adenosine balance, levamisole may have an
action upstream from the immune system.

The second mechanism where TNAP could play a role concerns the remyeli-
nation that may be impaired in levamisole-induced leukoencephalopathy. TNAP is
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likely to intervene in myelin synthesis. This is supported by the observation that
TNAP is highly expressed on axons during development, that is, during myelina-
tion (Fonta and Imbert 2002; Fonta et al. 2005) and by the fact that myelination is
altered in TNAP KO mice (Hanics et al. 2012). The way TNAP participates in
myelination may again involve its function as an ectonucleotidase.

Studies showed that myelination is in large part promoted by action potential
firing in the axons (Demerens et al. 1996). Spike firing in the axons leads to ATP
release (Fields 2011). Early stages of myelination, which consist in reducing oli-
godendrocyte precursor cells proliferation and in their differentiation in mature
oligodendrocytes, requires adenosine signaling (Stevens et al. 2002). On the other
hand, myelination by mature oligodendrocyte is promoted by extracellular ATP,
which induces the release of a cytokine, leukemia inhibitory factor, by astrocytes
(Ishibashi et al. 2006). Yet leukemia inhibitory factor has a dual action: it promotes
myelination at low concentration but inhibits it when present at high concentration.
Here again, inhibition of TNAP by levamisole may alter the extracellular
ATP/adenosine balance, which would result in compromising (re)myelination: first,
TNAP inhibition by levamisole may reduce the availability of adenosine required in
the early stages of myelination; secondly, by reducing ATP degradation, TNAP
inhibition may lead to an excess of leukemia inhibitory factor in the later stages of
myelination.®

12.4.4.3 Levamisole and Tetramisole as Cocaine Adulterants

Between the sixties and the nineties, tetramisole and levamisole have been used in a
considerable number of medical treatments. Yet, as briefly summarized above,
tetramisole and levamisole appeared to be of limited efficacy in most of their
applications and, more problematically, their chronic use resulted in serious
side-effects in a non-negligible proportion of the patients. For these reasons, te-
tramisole and levamisole have been discontinued in most countries at the turn of the
century, or their uses have been drastically restricted.’

%In addition to its involvement as an ectonucleotidase, TNAP could also intervene in myelination
through vitamin B6 metabolism. In support for a role of PLP in myelination, it has been reported
that vitamin B6 deficiency during development results in altered myelination (Lott et al. 1978;
Kirksey et al. 1990). Indeed, PLP is a cofactor for two enzymes (serine palmitoyltransferase and
sphingosine-1-phosphatelyase) involved in sphingolipid synthesis (Bourquin et al. 2011). Among
sphingolipids, sphingomyelin, as expected from its name, happens to be particularly abundant in
myelin. On the other hand, if myelination impairments observed in levamisole-induced multifocal
leukoencephalopathy were consecutive to altered vitamin B6 metabolism, another PLP-dependent
process, GABA synthesis, should also be impaired. This should result in occurrences of epileptic
seizures in patients with levamisole-induced leukoencephalopathy, which, to our knowledge, have
not been reported in case studies.

"In France for example, levamisole can still be used for the treatment of pediatric nephrotic
syndrome, but under very restrictive conditions.
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Yet, near the middle of the last decade, levamisole and tetramisole made an
unexpected come-back as it turns out that they are now used as illegal cocaine
adulterants (Morley et al. 2006; Fucci 2007; LeGatt 2009). Sixty to eighty percent of
the cocaine seized around 2010 in North America or in Europe appeared to contain
levamisole (Schneider and Meys 2011; Casale et al. 2012; Lahaie 2012), or, more
rarely, tetramisole (Casale et al. 2012). The reasons why traffickers adopted such
adulterants have not been trumpeted far and wide. One possibility is that levamisole
may be degraded to aminorex, an amphetamine-like compound. Aminorex has been
detected in horses that were treated with levamisole (see Larocque and Hoffman
2012) but aminorex is barely detectable in human after levamisole intake (Hess et al.
2014). A more likely reason is that, as inhibitors of noradrenaline uptake, levamisole
and dexamisole may have cocaine-like action (see above).

As a result, the undesirable consequences that formerly were observed during
chronic levamisole treatment are now observed in a number of cocaine users
(reviewed in: Buchanan and Lavonas 2012; Larocque and Hoffman 2012; Lee et al.
2012). This includes thrombocytopenia, agranulocytosis and leukopenia, dermatitis
and vasculitis. Occurrence of inflammatory multifocal leukoencephalopathy has also
been reported in illegal cocaine users; although not definitively demonstrated, lev-
amisole was suspected to be responsible for these rare instances of leukoencepha-
lopathy (Gilbert 2011; Blanc et al. 2012; Gonzalez-Duarte and Williams 2013).

Levamisole and tetramisole side-effects, including those that affect the nervous
system, might not be something of the past. Understanding the mechanisms
responsible for these side-effects may become crucially important in the near future.
As we hypothesized above, TNAP may be a key player in these mechanisms, which
certainly deserve further study.
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