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BACKGROUND AND PURPOSE

Impaired function of spinal strychnine-sensitive glycine receptors gives rise to chronic pain states and movement disorders.
Therefore, increased activity of glycine receptors should help to treat such disorders. Although compounds targeting glycine
receptors with a high selectivity are lacking, halogenated analogues of propofol have recently been considered as potential
candidates. Therefore we asked whether 4-bromopropofol attenuated the excitability of spinal neurons by promoting glycine
receptor-dependent inhibition.

EXPERIMENTAL APPROACH

The actions of sub-anaesthetic concentrations of propofol and 4-bromopropofol were investigated in spinal tissue cultures
prepared from mice. Drug-induced alterations in action potential firing were monitored by extracellular multi-unit recordings.
The effects on GABA4 and glycine receptor-mediated inhibition were quantified by whole-cell voltage-clamp recordings.

KEY RESULTS

Low concentrations of 4-bromopropofol (50 nM) reduced action potential activity of ventral horn neurons by about 30%,
compared with sham-treated slices. This effect was completely abolished by strychnine (1 uM). In voltage-clamped neurons,
4-bromopropofol activated glycine receptors, generating a tonic current of 65 = 10 pA, while GABA4- and glycine
receptor-mediated synaptic transmission remained unaffected.

CONCLUSIONS AND IMPLICATIONS

The highest glycine levels in the CNS are found in the ventral horn of the spinal cord, a region mediating pain-induced motor
reflexes and participating in the control of muscle tone. 4-Bromopropofol may serve as a starting point for the development
of non-sedative, non-addictive, muscle relaxants and analgesics to be used to treat low back pain.

Abbreviations
ACSF, artificial CSF; DIC, days in culture; TTX, tetrodotoxin
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“’Alexander et al., 2013a,b).

Introduction

Strychnine-sensitive glycine receptors play a central role in
mediating inhibitory neurotransmission in the spinal cord
(Zeilhofer, 2005; Callister and Graham, 2010; Zeilhofer et al.,
2012b). Hence, it is not surprising that loss-of-function muta-
tions in glycine receptors translate into spasticity, ataxia and
hypertonia (Laube et al., 2002; Chung et al., 2010; Davies
et al., 2010). Moreover, there is evidence that inhibition of
spinal glycine receptors by PGE, contributes to the genesis of
inflammatory pain (Harvey et al., 2004). These observations
suggest glycine receptors as promising therapeutic targets
(Laube et al., 2002; Gilbert et al., 2009). Glycine and GABA,
receptors are both members of the cysteine-loop family of
ligand-gated ion channels, thus sharing many similarities in
structure and function (Olsen and Sieghart, 2008). The
GABA, receptors are known to be targeted by many anaes-
thetic agents, including propofol, isoflurane and sevoflurane
(Belelli et al., 1999). In patients undergoing surgical interven-
tions, these drugs are used for providing sedation, muscle
relaxation and immobility (Grasshoff et al., 2006). In contrast
to GABA, receptors, clinically applicable compounds that
preferably act via glycine receptors remain to be identified
(Gilbert et al., 2009; Yevenes and Zeilhofer, 2011). Interest-
ingly, the i.v. anaesthetic propofol does not only activate
GABA, receptors (Orser et al., 1994), but also promotes the
opening of glycine receptors (Ahrens et al., 2008). However,
these two types of receptor differ greatly in their sensitivity to
propofol (Belelli et al., 1999). Concurrent evidence from in
vitro and in vivo investigations indicates that propofol anaes-
thesia is predominantly based on an altered function of
GABA, receptors, whereas glycine receptors are of minor
importance (Rudolph and Antkowiak, 2004). Unlike propo-
fol, the immobilizing properties of the halogenated ether
anaesthetics isoflurane and sevoflurane also involve, besides
GABA, receptors, glycine receptors and further molecular
targets (Campagna etal.,, 2003). Moreover, comparative
studies on the effects of isoflurane and sevoflurane on glycin-
ergic and GABAergic synaptic transmission showed that
spinal GABA, receptors and glycine receptors do not differ in
their sensitivity to halogenated ether anaesthetics (Eckle and

Antkowiak, 2013; Eckle et al., 2013). Along these lines it has
been hypothesized that halogenation of propofol might
provide compounds that bind with a higher affinity to
glycine receptors and potentiate chloride currents (de la
Roche etal., 2012). Therefore we explored the actions of
propofol and its analogue, 4-bromopropofol, on GABAergic
and glycinergic transmission in organotypic tissue slices
derived from the mouse spinal cord. These investigations
were carried out in the ventral horn area. The spinal ventral
horn comprises pattern-generating motor networks, mediates
painful stimuli-induced withdrawal reflexes and participates
in the control of muscle tone (Talpalar et al., 2011; Arber,
2012). In this region, the highest glycine levels within the
CNS were detected (Aprison et al., 1969; Boehme et al., 1973;
Patrick efal.,, 1983). In the present work, propofol and
4-bromopropofol were administered at sub-anaesthetic
concentrations. Characterization of drug actions at small
concentrations seems to be an essential requirement for
addressing the question, whether halogenated propofol
analogues are potential compounds that can be adminis-
tered in awake patients without causing sedation. Here we
report that 4-bromopropofol reduced the discharge rate
of ventral horn interneurons by selectively enhancing
glycine receptor-mediated inhibition, suggesting the
potential use of halogenated propofol analogues as non-
sedative, non-addictive muscle relaxants and analgesics in
the future.

Methods

Organotypic spinal cultures

All animal care and experimental procedures were in accord-
ance with institutional and federal guidelines, including the
German law on animal experimentation, and were approved
by the Animal Care Committee of Eberhard-Karls-University
(Tibingen, Germany).

Organotypic spinal cultures were prepared as first
described by Braschler et al. (1989). Pregnant C57/BL6 mice
(Charles River Laboratories, Sulzfeld, Germany) were anaes-
thetized and decapitated. Embryonic tissue (day E 14-15) was
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removed and placed into Gey’s balanced salt solution con-
taining (in mM) 1.5 CaCl,, 5 KC], 0.22 KH,PO,, 11 MgCl,, 0.3
MgSO,, 137 NaCl, 0.7 NaHCO; and 33 D-glucose (all from
Sigma, Taufkirchen, Germany). Spinal columns were sepa-
rated from inner organs, limbs and transversely cut into
300 um thick slices using a microslicer (NVSLM1, World Pre-
cision Instruments, Sarasota, FL, USA). Slices were put onto
coverslips and embedded in heparin-treated chicken plasma
(Sigma). In a second step, these slices were fixed on the
coverslips by thrombin (Sigma). Tissue slices were put into
plastic tubes containing nutrient fluid (0.75 mL) and neuro-
nal growth factor (10 nM, Sigma). Nutrient fluid (100 mL)
consisted of 25 mL horse serum (Invitrogen, Karlsruhe,
Germany), 25 mL Hanks’ balanced salt solution (Sigma) and
50 mL Eagle’s basal medium (Sigma). The roller tube tech-
nique was used to culture the tissue as first described by
Giahwiler (1981). After 1 day in culture (DIC), antimitotics
[5-fluoro-2-deoxyuridine (10 uM),  cytosine-B-D-arabino-
furanoside (10 uM), and uridine (10 uM); all from Sigmal]
were added to reduce proliferation of glial cells. Slices were
typically used after 3 weeks in culture for extracellular record-
ings, and after 2 weeks in culture for whole-cell voltage-clamp
recordings.

Extracellular recordings

Spontaneous action potential activity was recorded as
reported previously (Grasshoff et al., 2007a). In brief, slices
were perfused with artificial CSF (ACSF) consisting of (in mM)
120 NaCl, 3.5 KCI, 1.13 NaH,PO,, 1 MgCl,, 26 NaHCO;3, 1.2
CaCl; and 11 D-glucose. The ACSF was equilibrated with 95%
oxygen and 5% carbon dioxide. Glass electrodes with a resist-
ance of approximately 2-5 MQ were filled with ACSF and
introduced into the ventral horn area until single-unit or
multi-unit action potential activity could be clearly identi-
fied. All experiments were performed at 34°C-36°C. Signals
were bandpass-filtered (passband 200-5000 Hz) and digitized
at 10 kHz via a Digidata 1200 interface and Axoscope 9.0
software (Molecular Devices, Sunnyvale, CA, USA). The
recording chamber was continuously perfused with ACSF at a
flow rate of 1 mL/min. After reaching stable recording con-
ditions, 4-bromopropofol or propofol was applied for at least
12 minutes. In a subset of experiments, the effects of
4-bromopropofol and propofol were investigated in the pres-
ence of bicuculline (80 uM) or strychnine (1 uM) for selec-
tively blocking GABA, receptors or glycine receptors
respectively. For minimizing bias related to the recording
procedure, sham applications were performed and were set as
control conditions for analysis purposes.

Whole-cell voltage-clamp recordings

Whole-cell voltage-clamp experiments were performed on
videomicroscopically identified neurons in lamina VIII of the
spinal cord, which is predominantly populated by commis-
sural interneurons (Zeilhofer et al., 2012b). These cells dis-
played a typical cell capacitance around 35 pF as previously
reported (Eckle and Antkowiak, 2013; Eckle ef al., 2013). In
the recording chamber, cultures were continuously perfused
with ACSF as specified earlier. 6-Cyano-7-nitroquinoxaline-
2.3-dione (CNQX; 50 uM) and DL-2-amino-5-
phosphonopentanoic acid (APS5, 50 uM) were added for

5792 British Journal of Pharmacology (2014) 171 5790-5801

blocking excitatory synaptic transmission. To isolate GABA,
receptor-mediated currents, strychnine (1 uM) was added and
for glycine receptor-mediated currents, bicuculline (80 uM),
respectively, as previously reported (Eckle and Antkowiak,
2013; Eckle et al., 2013). Signals were acquired with a Multi-
clamp 700B patch-clamp amplifier (Molecular Devices, Foster
City, CA, USA) equipped with a CV-7B headstage, low-pass-
filtered at 2.2 kHz, and digitized at 10 kHz via a Digidata 1440
A interface and Clampex 10.1 (Molecular Devices). Patch
pipettes were pulled from thin-wall borosilicate capillaries
(World Precision Instruments). Pipette resistances ranged
between 3 and 5 MQ. The pipette solution contained (in mM)
121 CsCl, 24 CsOH, 10 HEPES, 5 EGTA, 1 MgCl, and 2 ATP,
adjusted to pH 7.2 with 1 M HCI (all from Sigma). Cells
displayed typically a capacitance of 35 pF (Eckle and
Antkowiak, 2013; Eckle et al., 2013) and were clamped at a
holding potential of —70 mV. To record tonic glycinergic
currents, tetrodotoxin (TTX, 1 uM) was added for blocking
action potential-driven synaptic transmission. The change in
holding current upon drug treatment was defined as tonic
conductance (Eckle and Antkowiak, 2013).

mRNA expression of glycine receptor o1 and
o2 subunits
Spinal ventral horn tissue (n = 5) from embryonic, adult mice
and organotypic spinal slices after 10 and 20 days DIC was
homogenized, RNA isolated and transcribed into cDNA
(Kohler et al., 2014). Semiquantitative analysis of mRNA was
performed using real-time PCR (iCycler; Bio-Rad Laboratories
GmbH, Miinchen, Germany) to detect glycine receptor ol
and o2 mRNA levels. The following primers were used:
forward primer for glycine receptor al 5-TCACAAGAGCC
CCATGCTAA-3’, and 5-CATGGGGAAACCGATGCGAG-3’ as
reverse primer; forward primer for glycine receptor o2
"“TGTGTTTGCTGCCTTACTGG-3’; and 5-GACAGCTGTGC
CATCTTTCA-3" as reverse primer. Samples were normalized
to the 18s housekeeping gene using sense 5-GTAACC
CGTTGAACCCCA-3" and antisense 5-CCATCCAATCGGTA
GTAGCG-3’ primers. For each data point, two replicates were
performed.

Data analysis

Data were analysed with in-house software written in Origin-
Pro version 7 (OriginLab Corp., Northampton, MA, USA) and
MATLAB version 6.5 (The MathWorks, Inc., Natick, MA, USA).
Inhibitory postsynaptic current (IPSC) decays were fitted with
mono-exponential functions. Data analysis of extracellular
recordings was performed as described previously (Grasshoff
et al., 2007a). After close inspection of the raw data, action
potentials were detected by setting a threshold well above
baseline noise. The mean firing rate was obtained from single-
or multi-unit activity. The spontaneous action potential activ-
ity was normalized to control conditions.

Data are presented as mean + SEM. Comparative statistics
were performed using a f-test or one-way ANOvA combined
with a Bonferroni’s multiple comparison post hoc analysis, as
appropriate. Data are presented as mean + S.E.M. All point
histograms were plotted and fitted to a Gaussian curve as
described elsewhere (Takazawa and MacDermott, 2010). The
mean of the fitted Gaussian curve was set as the mean
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holding current. The SD of the holding current was consid-
ered as current noise.

Materials

4-Bromopropofol and 4-chloropropofol was kindly provided
by Paul M O’Neill and Neil Berry (University of Liverpool,
UK) as a light-protected 1 M solution in ethanol and stored at
—-20°C. 4-Bromopropofol, 4-chloropropofol and propofol
(Fresenius Kabi, Bad Homburg, Germany) were dissolved in
distilled water to a 1 mM stock solution. The 1 mM stock
solution was used for preparation of the final test solutions in
ACSE. All other chemicals were obtained from Sigma
(Taufkirchen, Germany).

Clinically relevant propofol concentrations at the spinal
cord are reported between 1.0 and 1.5 uM (Franks and Lieb,
1998; Rehberg and Duch, 1999). Thus, sub-anaesthetic
propofol concentrations (50, 200 nM) were investigated
here. Under stable recording conditions, 4-bromopropofol,
4-chloropropofol or propofol was applied for at least 12
minutes via bath perfusion using a gastight syringe pump
system (ZAK Medicine Technique, Marktheidenfeld,
Germany), which was connected to the recording chamber
via Teflon tubing (Lee, Sulzbach/Taunus, Germany). The
sham conditions consisted of additions of ACSF only. The
calibration of the recording system was performed as previ-
ously reported (Antkowiak and Heck, 1997).

Results

4-bromopropofol inhibits action potential
generation in ventral horn neurons

Motor networks in the ventral horn of the spinal cord are
activated by nociceptive stimulation. In the absence of anaes-
thetic agents, this activity gives rise to movements. There is
mounting evidence that anaesthetics cause muscle relaxation
and immobility by depressing the excitability of ventral horn
neurons (Antognini and Carstens, 1999; Kim et al., 2007).
These cells express GABA, and glycine receptors. Accordingly,
drugs acting as agonists or positive modulators at one or both
of these receptors are expected to attenuate neuronal excit-
ability in the ventral horn. A recent study reported that, at
sub-anaesthetic concentrations, the halogenated propofol
analogue 4-chloropropofol enhanced currents across glycine
receptors expressed in HEK cells (de la Roche etal., 2012).
This observation prompted us to hypothesize that halogen-
ated propofol analogues should depress action potential
activity in spinal motor networks. In order to test this idea,
we explored the effects of 4-bromopropofol in cultured slices
prepared from the mouse spinal cord. The chemical structure
of 4-bromopropofol differs from propofol by the presence of
a bromide substituent in the para-position to the hydroxyl
group (Figure 1A). In Figure 1B, a typical recording is pre-
sented. Action potential activity was monitored in the ventral
horn area by an extracellular electrode. The neuron under
observation spontaneously generated action potentials at a
rate of 1.6 Hz. After exposing this cell to 4-bromopropofol,
its discharge rate dropped to 1.1 Hz. On average,
4-bromopropofol (50 nM) reduced the firing rates of ventral
horn interneurons by about 30% (n = 31). In comparison

A
OH OH
Br
Bromopropofol Propofol
B
Control 1.6 Hz

-t A
-t

50 nM bromopropofol 1.1Hz

Figure 1

Representative recording of the effect of 4-bromopropofol (50 nM)
on spontaneous action potential firing of ventral horn neurons. (A)
Chemical structures of 4-bromopropofol and propofol differ with
respect to the presence of a bromide atom in para-position to the
hydroxyl group. (B) Action potentials, visible as the vertical deflec-
tions in the voltage traces, were monitored with an extracellular
electrode. Under drug-free conditions the neuron generated action
potentials at a frequency of 1.6 Hz. Application of 4-bromopropofol
reduced the discharge frequency to 1.1 Hz.

with the sham group, this effect was statistically significant
(P < 0.01, tested by anova). Interestingly, 4-chloropropofol
(50 nM) did not reduce the spontaneous firing rate (sham: 90
+ 5%, n = 57; 4-chloropropofol: 90 + 4%, n = 92).

4-bromopropofol acts via glycine receptors,
not GABA, receptors

In further experiments, we quantified the effects of the anaes-
thetic propofol on the discharge rates of ventral horn
interneurons (Figure 2). At 50 nM, propofol (n = 30) failed to
depress action potential firing suggesting that the decreased
activity of spinal neurons following 4-bromopropofol was
critically related to the presence of the bromide atom.

Next, classical antagonism experiments were undertaken
in order to identify the molecular targets by which
4-bromopropofol attenuates the excitability of ventral horn
neurons. Our basic assumption was that glycine receptors
or GABA, receptors did not mediate the effect of
4-bromopropofol on neuronal firing rates if this agent was
equally effective in the presence and absence of the corre-
sponding receptor antagonist, strychnine or bicuculline
respectively. We first considered the possibility that
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Figure 2

4-bromopropofol, but not propofol, significantly decreased the dis-
charge rate of ventral horn neurons by opening glycine receptors. In
each individual experiment, action potential activity was normalized
to the firing rate observed under drug-free control conditions. A
normalized activity of 100% indicates that the tested drugs did not
alter the discharge rate as compared with the pre-drug condition. A
normalized activity of 0% stands for the total depression of action
potential firing. The graph shows that 50 nM propofol (PRO; n = 30)
did not decrease action potential firing as compared with sham-
treated slices (n = 57). Contrastingly, 4-bromopropofol (BP) reduced
neuronal activity by about 30% (n = 31). 4-bromopropofol was
similarly effective in the presence and absence of the specific GABAs
receptor antagonist bicuculline (80 uM, n = 33), indicating that
4-bromopropofol did not act via GABA4 receptors. In the presence
of the specific glycine antagonist strychnine (1 uM, n = 35),
4-bromopropofol failed to reduce action potential firing, indicating
that the drug acted via glycine receptors. **P < 0.01, significantly
different from sham; anova. Numbers of experiments are shown as
insets in the columns.

4-bromopropofol reduced neuronal excitability by enhancing
the function of GABA, receptors. However, these studies
revealed that the drug was equally effective in the absence
and presence of bicuculline (n = 33), prompting the conclu-
sion that GABA, receptors were not involved. In contrast to
bicuculline, strychnine completely abolished the effects of
4-bromopropofol on action potential firing of ventral horn
neurons, indicating that the drug predominantly acted via
glycine receptors (1 = 35).

4-bromopropofol does not alter synaptically
mediated inhibitory currents

In a following step, we characterized the interactions between
4-bromopropofol and glycine receptors in greater detail,
making use of whole-cell voltage-clamp recordings. We pre-
viously showed that the halogenated ether derivative sevo-
flurane potentiated glycinergic synaptic inhibition of ventral
horn interneurons by increasing the decay time and fre-
quency of IPSCs (Eckle and Antkowiak, 2013; Eckle et al.,
2013), raising the question whether 4-bromopropofol acts by
a similar mechanism. Remarkably, 4-bromopropofol neither
altered the decay time, nor the frequency nor the amplitude
of glycinergic IPSCs as compared with sham-treated slices
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(Figures 3A and 4A). Similar to 4-bromopropofol, propofol
was not effective in modulating the decay time and
amplitude of glycine receptor-mediated synaptic currents
(Figures 3A and 4A). However, in our experiments, the anaes-
thetic did reduce the frequency of events.

The observation that the action of 4-bromopropofol in
decreasing action potential firing of ventral horn interneu-
rons was not diminished by the selective GABA, receptor
antagonist bicuculline already suggested that the drug did
not modulate GABAergic transmission (Figure 2). To confirm
this conclusion, GABA, receptor-mediated synaptic currents
were quantified in the absence and presence of 4-
bromopropofol. The results displayed in Figures 3B and 4B
demonstrate that, consistent with our expectation,
4-bromopropofol did not alter GABA, receptor-mediated syn-
aptic currents. The same result was obtained with propofol.
In summary, we found that neither 4-bromopropofol nor
propofol was effective in modulating glycinergic or GABAer-
gic synaptic transmission of ventral horn neurons when
administered in the nanomolar concentration range.

4-bromopropofol but not propofol modulates
a tonic glycinergic current

Besides synaptic-mediated inhibition, tonic inhibition has
been shown to regulate the inhibitory tone in several regions
of the CNS (Mody and Pearce, 2004; Muller et al., 2008;
Takazawa and MacDermott, 2010). Therefore, it seemed pos-
sible that 4-bromopropofol either induced or enhanced a
tonic current via activating glycine receptors, thereby attenu-
ating the action potential activity of ventral horn interneu-
rons. To clarify this point, the effects of 4-bromopropofol and
propofol on strychnine-sensitive tonic currents were evalu-
ated. At the onset of these recordings, glutamatergic synaptic
transmission was blocked. Thus, synaptic events that can be
seen at the beginning of the trace displayed in Figure 5A,
visible as large downward deflections, were mediated by
GABA, receptors and glycine receptors. Consistent with our
previous findings, synaptic activity dramatically decreased
after the action potential activity was blocked by TTX
(Grasshoff et al., 2007b). Furthermore, bicuculline was added
to the bathing solution to block GABA, receptor-mediated
chloride currents. When the neuron was exposed to
4-bromopropofol with TTX and bicuculline still present, a
large tonic current of about 60 pA was induced and baseline
noise increased (Figures 5B and 5C). To test the hypothesis
that this current was carried by glycine receptors, the antago-
nist strychnine was administered (Figure 6). We compared
strychnine-induced changes in the tonic current as observed
in sham-treated preparations with those changes evoked in
the presence of 4-bromopropofol or propofol. In sham-
treated slices, application of strychnine to the bathing solu-
tion reduced the tonic current by only 22 + 5 pA (n = 6).
Almost the same effect of strychnine was evident in slices
treated with propofol (20 + 10 pA, n = 8), indicating that this
anaesthetic was unable to activate glycine receptors at a sub-
anaesthetic concentration of 200 nM. However, in the pres-
ence of 4-bromopropofol, strychnine on average altered the
baseline current by 65 + 10 pA (n = 7). This current was
significantly different from the effects of strychnine in
sham-treated slices and in slices exposed to propofol
(P < 0.01 by anova). These findings provide evidence that



Modulation of glycine receptors by 4-bromopropofol

A

Glycinergic IPSCs

Average

—T
50 pA L

200 ms

250 pA

GABAergic IPSCs

2s

Average

Wy T

50 pA

200 ms

250 pA

Figure 3

2s

Typical recording of inhibitory postsynaptic currents mediated via glycine receptors (A) or GABA4 receptors (B). On the right-hand side, averaged
synaptic events are displayed. GABAergic synaptic events (amplitude: 62 £ 5 pA, n = 30; decay time: 25 + 7 ms, n = 30; frequency: 14 £ 2 Hz, n
= 23) had a smaller amplitude and slower decay time as compared with glycinergic synaptic currents (amplitude: 117 £ 14 pA, n=32; decay time:

11 £ 1 ms, n=32; frequency: 18 £ 3 Hz, n = 26).

4-bromopropofol either opened glycine receptors or potenti-
ated glycine-induced activation of glycine receptors.

Glycine receptors ol and o2 subunit

expression in the spinal ventral horn

The observation that 4-bromopropofol enhanced a tonic con-
ductance raised the issue whether this action involves o2
subunit containing receptors, possibly expressed at artificially
high levels in our cultures. Thus, we performed real-time PCR
analysis of spinal ventral horn tissue from embryonic, adult
mice and organotypic slices after 10 and 20 DIC (n = 5 each
sample). These experiments revealed a similar expression of
the al subunit in all samples, while the o2 subunit was
highly expressed after 10 DIC and not detectable in adult
tissue. Interestingly, there was a marked contrast in the
expression of a2 subunits, between 10 and 20 DIC (Figure 7).

Discussion

The therapeutic option to enhance the activity of glycine
receptors may open new ways into the treatment of patients

suffering from chronic pain or movement disorders (Laube
etal.,, 2002; Zeilhofer etfal.,, 2012a). Thus, spinal glycine
receptors have been proposed as interesting molecular targets
for novel drugs. The function of these receptors is indeed
augmented by a number of compounds including cannabi-
noid ligands, general anaesthetics, alcohols, neuroactive ster-
oids and ivermectin (Webb and Lynch, 2007; Yevenes and
Zeilhofer, 2011). But unfortunately, all these agents lack selec-
tivity. There are two reasons why we consider halogenated
propofol analogues as promising compounds for selectively
modulating the activity of glycine receptors. First, a recent
study has shown that low concentrations of 4-chloropropofol
enhanced the function of homopentameric a1 glycine recep-
tors expressed in HEK cells (de la Roche et al., 2012). Second,
anaesthetists have a pronounced expertise in the handling of
propofol and halogenated ether anaesthetics, thereby limit-
ing the risk of inadmissible side effects (Green, 2007).
However, the effects of halogenated propofols in complex
neuronal networks remain to be characterized. Most impor-
tantly, their efficacy and selectivity has to be determined. The
present study, carried out in organotypic slice cultures
derived from the mouse spinal cord, showed that low
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Figure 4

Effects of propofol and 4-bromopropofol on glycine receptor- and GABA, receptor-mediated synaptic events. (A) The frequency, decay time and
amplitude of glycine receptor-mediated synaptic currents were not significantly altered by 4-bromopropofol (BP; tested by anova). However,
propofol (PRO) decreased the amplitude of glycinergic currents. The latter action may explain that propofol slightly increased action potential
firing of ventral horn neurons as indicated in Figure 2. (B) Neither 4-bromopropofol nor propofol altered the frequency, decay time and amplitude
of GABA,4 receptor-mediated events (tested by anova). Numbers of experiments are shown as insets in the columns.

nanomolar concentrations of 4-bromopropofol promoted the
opening of glycine receptors, thereby causing ventral horn
neurons to discharge at lower rates. As the latter effect was
completely antagonized by strychnine, it is concluded that
4-bromopropofol acted predominantly via glycine receptors.
Moreover, at the tested nanomolar concentrations,
4-bromopropofol did not alter the function of GABA4
receptor-mediated transmission. The latter result emphasizes
that 4-bromopropofol, unlike halogenated ether anaesthetics
and ethanol, clearly discriminates between the structurally
related glycine receptors and GABA, receptors. Taken
together, these findings support the idea that selective thera-
peutics, acting by enhancing the function of glycine recep-
tors, can be developed from halogenated propofol analogues.

There is good evidence that, at micromolar concentra-
tions, 4-bromopropofol not only binds to glycine receptors,
but also affects several other molecular targets in the CNS. For
example, the drug potentiated agonist-induced responses of
GABA, receptors (Trapani etal., 1998). In another study,
4-bromopropofol blocked voltage-gated sodium channels
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(Haeseler et al., 2008). Therefore, the selectivity for glycine
receptors is most likely restricted to the low nanomolar con-
centration range. Interestingly, the widely used benzodiaz-
epines exhibit a very similar selectivity profile. At nanomolar
concentrations, these compounds act via specific binding
sites that reside on a subpopulation of GABA, receptors
(Mohler et al., 2002). However, at higher, micromolar con-
centrations, benzodiazepines produce anaesthesia via addi-
tional molecular targets (Walters et al., 2000; Drexler et al.,
2010). Also, it seems likely that, in analogy to the benzodi-
azepines, micromolar concentrations of halogenated propo-
fol analogues may act as CNS depressants by affecting
multiple molecular targets.

In marked contrast to sevoflurane (Eckle and Antkowiak,
2013; Eckle et al., 2013), 4-bromopropofol failed to alter the
decay times of glycine receptor-mediated synaptic currents.
Unexpectedly, this agent induced a strychnine-sensitive
inhibitory chloride conductance. What molecular mecha-
nism of action may explain this experimental finding? It
seems possible that 4-bromopropofol directly opens glycine
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4-bromopropofol induced a tonic current and increased current
fluctuations in voltage-clamped ventral horn neurons. (A) During a
whole-cell voltage-clamp recording, the membrane potential was
clamped to —70 mV. Action potential-dependent synaptic events
were abolished by adding TTX (1 uM) to the perfusate. In addition,
GABA, receptor-dependent conductance was blocked by bicuculline
(80 uM). (B) With TTX and bicuculline still present, application of
4-bromopropofol (BP) caused a large negative shift in the baseline
current and increased the noise level. (C) The corresponding all point
histograms of the currents indicate that the baseline was shifted to
more negative values by 4-bromopropofol. (D) The distribution of the
baseline fluctuations (membrane noise) as observed before and after
exposing the cells to 4-bromopropofol was well fitted with a Gaussian
function. 4-bromopropofol significantly increased the SD of the fitted
curves [control 8.7 £ 0.96 pA (n= 6) vs. 4-bromopropofol (n=6) 13.3
+0.91 pA. ***P < 0.001, significantly different from control; t-test].

receptors, thus acting in a manner very much like the natural
agonist glycine. In their classical studies, Barker et al. (1982)
and Katz and Miledi (1972) reported that upon applying
GABA and ACh onto spinal neurons and muscle cells, tonic
currents were induced and noise levels considerably
increased. These effects are very similar to the actions of
4-bromopropofol seen in the present study. However, another
important criterion for an agonist-like mode of action relates
to the associated changes in synaptic transmission. A direct
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Figure 6

4-bromopropofol, but not propofol induced a large strychnine-
sensitive tonic conductance. (A) A typical recording demonstrating
the change in tonic current caused by strychnine upon
4-bromopropofol (BP) treatment. Note that strychnine not only
shifted the baseline of the holding current, but also decreased the
current noise. (B) In sham-treated slices, the strychnine-induced
change in tonic current was small as compared with the change
observed with 4-bromopropofol. (C) Quantification of the effects of
strychnine in sham-treated slices and in slices treated either with
propofol (PRO) or 4-bromopropofol. Note that the changes observed
in sham-treated slices and in propofol-treated slices were almost
identical, indicating that propofol did not alter the strychnine-
sensitive conductance. **P < 0.01, significantly different from sham;
ANovA. Numbers of experiments are shown as insets in the columns.

activation of glycine receptors reduces the number of postsy-
naptic receptors that can be activated upon presynaptic neu-
rotransmitter release. As a consequence, application of
agonists decreases the amplitude of glycine receptor-
mediated synaptic events in a concentration-dependent
manner. However, although the tonic current that was
induced by 4-bromopropofol was prominent, only a minor
and statistically insignificant change in the amplitudes of
IPSCs was observed. The latter finding is inconsistent with
the hypothesis that 4-bromopropofol acts like an agonist.
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Figure 7

The expression of a1 subunits of glycine receptors did not substan-
tially alter in samples from spinal ventral horn tissue obtained from
adult, embryonic (E 14) mice, and from organotypic cultures after 10
and 20 DIC. Contrastingly, the a2 glycine receptor subunits were not
detectable in adult spinal ventral horn tissue, highly expressed orga-
notypic cultures after 10 DIC and only in small amounts in organo-
typic cultures after 20 DIC.

An alternative explanation for the finding that
4-bromopropofol induces tonic, strychnine-sensitive currents
while leaving glycinergic IPSCs unaffected, assumes that this
agent only interacts with a subpopulation of glycine recep-
tors, namely the ones that are present at extrasynaptic sites.
Experiments in oocytes suggest that subtypes of the glycine
receptors lacking a B-protein subunit, such as homopenta-
meric o2 glycine receptors, predominantly reside at extrasyn-
aptic sites (Grudzinska efal., 2005). However, GABA,
receptors are known to switch between synaptic and extras-
ynaptic sites during receptor trafficking (Jacob et al., 2008). A
similar dynamic modulation may be suggested for glycine
receptors. In the spinal cord, the latter receptor-subtype is
heavily expressed during early development and is later
replaced, although not completely, by receptors incorporat-
ing a  subunit (Lynch, 2009). But the physiological function
of these receptors is unclear as knockout of 0.2 subunits has
no obvious effect on development (Young-Pearse et al., 2006).
The possible existence of o2 receptors in ventral horn
neurons raises the possibility that 4-bromopropofol binds to
and activates such receptors. The presence of o2 receptors in
ventral horn neurons that are activated by ambient glycine
might also explain the result that a strychnine-sensitive tonic
current was already abundant under drug-free conditions.
However, the involvement of a2 glycine receptors in mediat-
ing this tonic current is questioned by several observations.
The concentration of glycine in the extracellular space has
been estimated to be close to 5 uM (Whitehead et al., 2001).
In our preparation, it should be smaller, because the extracel-
lular space is oversized and glycine was not added to the
bathing solution. This is of relevance because o2 homopen-
tameric glycine receptors proved to be rather insensitive to
glycine. A concentration required to produce half-maximal
receptor activation is as high as 200 uM (Mangin et al., 2003).
Thus, a potential role of a2 assemblies in mediating tonic
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glycinergic inhibition in spinal neurons is controversial.
Interestingly, the study of Meier and coworkers demonstrated
that RNA editing may render glycine receptors highly sensi-
tive to glycine (Meier et al., 2005). Thus, such a mechanism
could also be involved in mediating the strychnine-sensitive
tonic current, observed in our preparation (Legendre et al.,
2009). A major role of 0.2 glycine receptors is unlikely as o2
mRNA expression strongly declined between DIC 10 and DIC
20, whereas the efficacy of 4-bromopropofol slightly
increased in older cultures (data not shown). Although the
latter effect did not reach statistical significance, this obser-
vation strongly argues against a major role of a2 glycine
receptors in mediating the effects of 4-bromopropofol.

However, for uncovering those glycine receptor-subtypes
that are targeted by 4-bromopropofol, additional research is
clearly required. Further, our results do not exclude the pos-
sibility that 4-bromopropofol may indirectly modulate
glycine receptors by blocking glycine transporter 2, which is
highly expressed in the spinal ventral horn (Zafra etal.,
1995). Such a mechanism would increase ambient glycine
and enhance tonic conductance, as reported for the glycine
transporter 2 inhibition by ALX 1393 (Eckle and Antkowiak,
2013).

Glycine receptor-dependent inhibition of ventral horn
neurons is modified by the volatile anaesthetic sevoflurane
(Eckle and Antkowiak, 2013; Eckle etal.,, 2013) and
4-bromopropofol in qualitatively distinct ways. Of these two
agents, the former prolongs the decay time of synaptic cur-
rents, while the latter enhances a tonic conductance. Inter-
estingly, there is mounting evidence in the literature that
phasic and tonic inhibition can serve different functions
(Mitchell and Silver, 2003; Prescott and De Koninck, 2003;
Pavlov et al., 2009). It is well established that the elementary
components of voluntary movements and motor reflexes are
to a large part generated by neuronal circuits in the ventral
horn of the spinal cord (Talpalar et al., 2011; Arber, 2012).
Pattern generation involves precisely timed synaptic-
mediated activation of GABA, receptors, glycine receptors
and glutamate receptors. Therefore, pharmacological inter-
ventions that modify synaptic-mediated phasic transmission
in the ventral horn are expected to alter motor performance.
This is not necessarily the case if tonic inhibition is changed.
Drug-induced enhancement of tonic currents should prefer-
ably decrease basal action potential activity of ventral horn
neurons and may translate into a reduced muscle tone.
However, as synaptic transmission remains unimpaired and
the relative impact of tonic inhibition decreases during epi-
sodes of movement-associated synaptic transmission, we
speculate that drugs like 4-bromopropofol might reduce
muscle tone without seriously impairing motor coordination.

Clinical implications

What are potential therapeutic applications for drugs that
enhance the function of synaptic or, alternatively, extrasyn-
aptic glycine receptors? In those cases in which a movement
disorder is caused by a deficiency in glycinergic synaptic
transmission, it is evident that pharmacological potentiation
of synaptic receptors is required. But in other circumstances,
a selective decrease in muscle tone may be more appropriate.
For example, clinical studies have provided evidence that in
patients suffering from low back pain, the administration of
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muscle relaxants is of significant benefit (van Tulder et al.,
2003). However, agents that are currently administered to
produce muscle relaxation exhibit a small effect size and a
number of serious side effects including sedation and addic-
tion, challenging their therapeutic advantage in general
(Cohen, 2010). Thus, 4-bromopropofol may be regarded as a
model compound that opens new approaches to the acute
therapy of low back pain. In the future, novel halogenated
propofol derivatives may display analgesic and muscle relax-
ant properties without causing sedation and minimal impair-
ment of motor coordination.
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