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Alfaxalone Causes Reduction of
Glycinergic IPSCs, but Not
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a Depolarizing Current in Rat
Hypoglossal Motor Neurons
Cora Lau†, Prajwal P. Thakre† and Mark C. Bellingham*
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We investigated effects of the neuroactive steroid anesthetic alfaxalone on intrinsic
excitability, and on inhibitory and excitatory synaptic transmission to hypoglossal motor
neurons (HMNs). Whole cell recordings were made from HMNs in brainstem slices
from 7 to 14-day-old Wistar rats. Spontaneous, miniature, and evoked inhibitory
post-synaptic currents (IPSCs), and spontaneous and evoked excitatory PSCs (EPSCs)
were recorded at –60 mV. Alfaxalone did not alter spontaneous glycinergic IPSC peak
amplitude, rise-time or half-width up to 10 µM, but reduced IPSC frequency from
3 µM. Evoked IPSC amplitude was reduced from 30 nM. Evoked IPSC rise-time was
prolonged and evoked IPSC decay time was increased only by 10 µM alfaxalone.
Alfaxalone also decreased evoked IPSC paired pulse ratio (PPR). Spontaneous
glutamatergic EPSC amplitude and frequency were not altered by alfaxalone, and
evoked EPSC amplitude and PPR was also unchanged. Alfaxalone did not alter HMN
repetitive firing or action potential amplitude. Baseline holding current at −60 mV
with a CsCl-based pipette solution was increased in an inward direction; this effect
was not seen when tetrodotoxin (TTX) was present. These results suggest that
alfaxalone modulates glycine receptors (GlyRs), causing a delayed and prolonged
channel opening, as well as causing presynaptic reduction of glycine release, and
activates a membrane current, which remains to be identified. Alfaxalone selectively
reduces glycinergic inhibitory transmission to rat HMNs via a combination of pre-
and post-synaptic mechanisms. The net effect of these responses to alfaxalone is to
increase HMN excitability and may therefore underlie neuro-motor excitation during
neurosteroid anesthesia.

Keywords: motor neuron, alfaxalone, neurosteroid, glycinergic input, glutamatergic input, action potential,
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KEY POINTS

– Motor excitation is a side-effect of alfaxalone anesthesia
in animals.

– Alfaxalone at clinically relevant doses causes reduction of
glycinergic inhibition of hypoglossal motor neurons and
activates a depolarizing inward current.

– Alfaxalone does not alter glutamatergic excitation or motor
neuron firing.

– The quality of alfaxalone anesthesia could be improved by
preventing its effect on glycinergic neurotransmission.

INTRODUCTION

The neurosteroid anesthetic alfaxalone causes anesthetic effects
by positive allosteric modulation of the γ-aminobutyric acid
type A receptor (GABAAR; Harrison et al., 1987; Lambert
et al., 1996; Ziemba et al., 2018). During alfaxalone anesthesia,
exaggerated motor responses occur in many species, including
rats, mice, cats, dogs, horses and pigs (File and Simmonds,
1988; Keates, 2003; Ferre et al., 2006; Goodwin et al.,
2011; Mathis et al., 2012; Lau et al., 2013; Siriarchavatana
et al., 2016). This motor excitation is an unwelcome side
effect of alfaxalone anesthesia. The glycine receptor (GlyR)
mediates inhibitory synaptic transmission between interneurons
and motor neurons (MNs; Wu et al., 1997; Maksay et al.,
2002; Biro and Maksay, 2004), and reduction of glycinergic
inputs to MNs can produce motor excitation (Lynch, 2004).
For example, reduction in the conductance of GlyRs causes
hyperekplexia, also known as startle disease or stiff-baby
syndrome, which manifests as temporary muscle rigidity in
response to unexpected stimuli (Lynch, 2004). Tetanus toxin
inhibits pre-synaptic exocytosis of glycine, causing muscle
rigidity and paroxysmal muscle contractions (Bergey et al., 1987;
Williamson et al., 1992; Shin et al., 2012), while strychnine
is a heterocyclic alkaloid that potently and specifically blocks
GlyRs, thus inhibiting post-synaptic glycinergic activity and
producing a characteristic hyper-reflexia, intense muscle spasms
and convulsions (Gundlach, 1990; Parker et al., 2011). These
effects of down-regulating glycinergic neurotransmission toMNs
by various means led us to hypothesize that the motor excitation
caused by alfaxalone could be explained by reduction of GlyR
transmission to MNs.

Other steroid compounds have markedly different effects
on the GlyR, and different neurosteroids have been shown
to cause subunit composition-dependent bidirectional
modulation of GlyRs (Laube et al., 2002). The synthetic
steroid RU5135 possesses convulsant properties and has been
identified as a strychnine-sensitive GlyR antagonist (Paul and
Purdy, 1992). By contrast, alfaxalone is reported to have no
direct effect on GlyRs in cultured neurons (Simmonds, 1983;
Hill-Venning et al., 1996) or to weakly potentiate strychnine-
sensitive GlyR activity elicited by glycine at a mean EC50
of 27.8 µM, without eliciting a response in the absence of
glycine (Weir et al., 2004). Similarly, homomeric α1 GlyRs
expressed in Xenopus oocytes are weakly potentiated by 6 µM
alfaxalone on addition of glycine (Mascia et al., 1996). The

neurosteroid pregnenolone 3β-sulfate directly modulates
GlyRs in chick embryonic spinal cord (Wu et al., 1997) and
bi-directional allosteric modulation of the GlyR has been
observed with the neurosteroid minaxolone (Biro and Maksay,
2004). However, the effects of neurosteroids on native GlyRs
in mammalian MNs have not been reported. It is therefore
important to directly determine the effect of alfaxalone on
MNs and identify whether alfaxalone produces reduction or
potentiation of GlyR-mediated neurotransmission at clinically
relevant doses.

While hyperekplexia, tetanus toxicity and strychinine
poisoning most notably cause body and facial muscle twitching,
deficits in speech and orolingual control are also present.
Hypoglossal MNs (HMNs), which control the intrinsic tongue
muscles, receive strong glycinergic inputs, and can readily be
studied in brainstem slices. We therefore studied the effects of
alfaxalone on glycinergic neurotransmission to HMNs, as well
as other factors that control HMN excitability, using whole cell
patch clamp recording techniques under voltage and current
clamp conditions in in vitro brainstem slices.

MATERIALS AND METHODS

Slice Preparation
Whole cell recordings (n = 71 HMNs) were performed using
in vitro brainstem slices from Wistar rats of either sex
(7–14 days old, n = 71), using previously described in methods
(Bellingham, 2013). Briefly, rats were anesthetized using sodium
pentobarbitone (100 mg/kg IP, Vetcare). When deep anesthesia
was established, the rat was swiftly decapitated. The skull,
cerebrum, cerebellum and the neck muscles were removed to
expose the brainstem. The brainstem was then placed into
an ice-cold bath of artificial cerebrospinal fluid (ACSF) for
cutting (see ‘‘Solutions’’ section), which was bubbled with
carbogen (95%O2, 5%CO2) to maintain pH at 7.4. Transverse
slices at a thickness of 300 µm were cut with a DSK
Microslicer DTK-1000 (TED Pella Inc) or a Leica VT1200 (Leica)
and incubated for 35–50 min in the same cutting ACSF at
35◦C. The slices were then maintained at room temperature
(19–21◦C) in recording ACSF (see ‘‘Solutions’’ section), bubbled
with carbogen.

Solutions
The ACSF solution used for cutting and initial incubation
of slices contained (in mM) 130 NaCl, 26 NaHCO3, 3 KCl,
5 Mg Cl2, 1 CaCl2, 1.25 NaPO4, 10 Glucose. The recording
ACSF solution was similar to cutting solution except for low
MgCl2 (1 mM) and high CaCl2 (2 mM) concentrations.
The patch pipette internal solution contained (in mM)
120 CsCl, 4 NaCl, 4 MgCl2, 0.001 CaCl2, 10 Cs N-2-
hydroxyethyl-piperazine-N′-2ethanesulfonic acid (HEPES),
10 Caesium ethylene glycol-bis (β-aminoethyl ether)-N, N,
N, N-tetra-acetic acid (EGTA), pH adjusted to 7.2 with
CsOH. Similarly, patch pipette internal solution used for
recording action potentials contained (in mM) 135 K methyl
sulfate, 8 NaCl, 10 HEPES, and 0.3 EGTA, pH adjusted
to 7.2 using KOH. Osmolality of both internal solutions
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was measured with a vapor osmometer (Vapro, Wescor)
and was 290–300 mOsm; osmolarity was adjusted with
sucrose if required. 3 adenosine 5′-triphosphate (ATP-Mg)
and 0.3 guanosine 5-triphosphate-tris (hydroxymethyl)
aminomethane (GTP-Tris) was added to the internal solution
before use.

Drugs
DL-2-amino-5-phosphonopentanoic acid (APV, Sigma, 50 µM)
and 1,2,3,4-Tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-
7-sulfonamide (NBQX) disodium salt hydrate (Sigma, 10 µM)
were added into the external bath solutions to blockN-methyl-D-
aspartate (NMDA) and non-NMDA glutamate receptor activity
(both DL-α-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) and kainate receptors). 1(S), 9(R)-(-)-Bicuculline
methchloride (Sigma, 5 µM) and strychnine (Sigma, 500 nM)
solutions were added to the external bath solution to selectively
block GABAA receptor and GlyR activity, respectively (O’Brien
and Berger, 1999). Strychnine at 20–50 µM was added to
simultaneously block both GABAAR and GlyR activity (O’Brien
and Berger, 1999). Tetrodotoxin (TTX, 1 µM, Alomone) was
added to the bath solution to record miniature inhibitory
post-synaptic currents (IPSCs). 3-α-hydroxy-5-α-pregna-11,
20-dione (alfaxalone, a generous gift of Jurox Pty Ltd) was
dissolved in hydroxypropyl substituted β-cyclodextrin (HPCD,
a gift of Jurox Pty Ltd) to a ratio of 1:8 to make a stock
concentration of 10 mM alfaxalone, then diluted to the required
bath concentration of 10 nM, 30 nM, 100 nM, 300 nM,
1 µM, 3 µM, and 10 µM. For solutions containing 25 µM
alfaxalone, a stock solution of 25 mM in HPCD was used.
The stock solution solvent (HPCD) was always diluted by a
factor of 1,000 or greater in the external bathing solution, and
HPCD had no effect when applied alone at these concentrations
(data not shown). Application of drugs via the bathing fluid
was always for >10 min; the time taken to completely
exchange the recording chamber solution was typically <40 s
Alfaxalone was applied for a minimum of 6–8 min before
measuring changes in synaptic currents or other parameters.
The alfaxalone dose response study was only applied to one
HMN per slice.

Electrophysiological Recordings
Brainstem slices were submerged in a mounted microscope
chamber with a volume of ∼0.5 mL and were continuously
superfused with ACSF at a rate of 1.5–2mL/min. Patch
electrodes were pulled from thin-walled borosilicate glass
capillary tubes without a filament (Vitrex Medical) on a
two-stage electrode puller (PP-83, Narishige); patch electrodes
had a final DC resistance of 2–3 MΩ when filled with the
internal solution and a tip diameter of 1–2 µm by visual
inspection. Recordings were performed at room temperature
(19–21◦C) with the patch electrode connected to the headstage
of an Axopatch 1D patch-clamp amplifier (Axon instruments).
HMNs were visually identified by their size, shape, location
in the hypoglossal motor nucleus (nXII), and whole cell
capacitance (>20 pF). Whole cell recordings were obtained
by the ‘‘blow and seal’’ method (Stuart et al., 1993), where

positive pressure (10–15 kPa) was maintained in the pipette
to allow surrounding neuropil to be cleaned away as the
pipette tip is guided onto the surface of the target HMN
(Bellingham and Berger, 1996).

Synaptic Recordings
The program pCLAMP 8 (Axon Instruments) was used to
apply voltage or current commands and record whole cell
currents and measure responses. Spontaneous, miniature and
evoked inhibitory postsynaptic current (IPSC) or excitatory
PSC (EPSC) activity were recorded with the HMN voltage
clamped at a membrane potential of –60 mV. For evoked
IPSC or EPSC recordings, a bipolar stimulation electrode
[Frederick Haer Company, parallel bipolar electrode, 1 mm
spacing and 75 mm length (Cat# PBSA10075)] was placed
in the reticular formation ventrolateral to the border of the
hypoglossal motor nucleus, and a stimulus current of 0.5–1.1mA
and 0.1 ms duration was applied to reliably evoke a pair
(150 ms inter-stimulus interval) of IPSCs or EPSCs with
consistent first response amplitudes. The recorded signal was
amplified (2–50×) and low pass filtered with a cut-off frequency
of 2 kHz by the Axopatch 1D amplifier before digitization
at 10 kHz sampling rate with a 16-bit digitizer (Digidata
1320A, Axon Instruments) and recording on a PC hard disk
(Dell Optiplex, running Windows XP Professional). Data was
acquired as episodic sweeps of 1.04 s duration for evoked
IPSCs and EPSCs, or as continuous data blocks of 2 min
duration for spontaneous and miniature IPSCs and EPSCs. For
evoked IPSCs and EPSCs, the first stimulus pulse was usually
preceded by a short (20 ms) voltage step of −10 mV, to
monitor input resistance (Rn) and electrode series resistance.
Capacitance and series resistance compensation were applied
using the amplifier controls. Series resistance was monitored
throughout the experiment and cells were discarded from
analysis if it showed more than 10% change from control to
drug-induced readings.

Neurotransmission Study
Control IPSC recordings were performed in the presence of
APV and NBQX to determine the proportions of GABAA
and GlyR receptors contributing to IPSCs recorded from rat
HMNs. After control recordings, 5µMbicuculline was then bath
applied to selectively block GABAAR, and both spontaneous and
evoked IPSC activity was recorded. This was followed by the
addition of 500 nM strychnine to selectively block GlyRs and
both spontaneous and evoked IPSCs were recorded. Under the
latter conditions, no spontaneous or evoked synaptic activity
was present. For all other IPSC recordings, NBQX, APV and
bicuculline were included in the bath, except where specifically
noted. For all EPSC recordings, bicuculline and strychnine were
included in the bath.

Alfaxalone Dose Response Study
Control recordings were performed in the presence of APV,
NBQX and bicuculline to isolate glycinergic IPSCs. A dose
response study was performed with alfaxalone bath-applied at
10 nM, 30 nM, 100 nM, 300 nM, 1 µM, 3 µM and 10 µM to
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HMNs. Both spontaneous (n = 7) and evoked (n = 8) IPSCs
were recorded.

A wash out was attempted after final alfaxalone recordings
were made, however, this did not return the recordings to control
values. It was particularly difficult to washout alfaxalone at higher
concentrations. Considering this, for all other experiments that
used high concentration (25 µM) no washout was attempted.

Action Potential Current Clamp
Recordings
Action potentials were recorded in current clamp mode, with
the membrane potential manually set at approximately −65 mV
by constant injection of baseline current. A current step
protocol with a short (40 ms) negative constant current step to
monitor bridge balance, followed by a long (400 ms) positive
current step family, with positive current injection starting in
the subthreshold region and increasing until repetitive action
potential firing was evoked at maximal rates. Data was filtered
at a low pass cut-off of 10 kHz, and sampled at 50 kHz for
these recordings.

Data Analysis
Data measurements were made with Clampfit 10 software (Axon
Instruments). Waveform parameters (amplitude, 10%–90% rise-
time, half-width, decay time constant) and baseline holding
current (Ihold) were measured, as well as the interval time
between IPSCs for spontaneous recordings and input resistance
(Rn) for evoked recordings. The paired pulse ratio (PPR) was
calculated as the peak amplitude of the averaged second evoked
synaptic current divided by the peak amplitude of the averaged
first evoked synaptic current. The decay phases of individual

evoked synaptic currents were fitted with a mono-exponential
function (f(t) = Ae−t/τ + C) where A = amplitude, t = time,
τ = decay time constant. This data was imported into
Excel (Microsoft) and further analyzed with custom written
Visual Basic for Applications routines as previously described
(Bellingham and Berger, 1996). Drug induced changes were
determined by finding the maximal change of 10–12 consecutive
responses as compared with the same number of responses for a
control average immediately before drug application (Bellingham
and Berger, 1996). Data are shown as mean ± 95% confidence
interval and statistical significance was determined by one-way
repeated measures ANOVA with Dunnet’s or Tukey’s post hoc
tests as indicated, or paired two-tailed t-test and accepted at
P < 0.05 using GraphPad Prism 7 software.

RESULTS

Alfaxalone Decreases Spontaneous
Inhibitory Synaptic Currents in HMNs
First, we determined whether alfaxalone at a high clinical
dose could modulate spontaneous inhibitory transmission to
HMNs. Alfaxalone (25 µM) was applied to HMNs in the
presence of APV (50 µM) and NBQX (10 µM). Under these
recording conditions, IPSCs are composed of both glycine and
GABAA neurotransmission. Alfaxalone significantly decreased
spontaneous IPSC peak amplitude (Figure 1A) and inter-event
interval (Figure 1B), but not 10%–90% rise-time or half-width
(Figures 1C,D). IPSC peak amplitude decreased to 69% of
control (95% CI 53–75% of control, P = 0.0366, Table 1) and
markedly decreased IPSC frequency to 33% of control (95% CI
20%–44% of control, P = 0.0197, Table 1). The baseline holding

FIGURE 1 | Effects of 25 µM alfaxalone on spontaneous inhibitory post-synaptic currents (IPSCs) and holding current; external solutions contain
1,2,3,4-Tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX) and DL-2-amino-5-phosphonopentanoic acid (DL-APV) to block glutamatergic
neurotransmission, but not bicuculline or strychnine. (A) Spontaneous IPSC amplitude is significantly decreased by alfaxalone. (B) Spontaneous IPSC frequency is
significantly decreased by alfaxalone. (C,D) Spontaneous IPSC half-width and 10%–90% rise-time are not significantly altered by alfaxalone. (E) Holding current at
−60 mV is significantly increased in an inward direction by alfaxalone. (F) Example of the time course of holding current change with alfaxalone application. Blue and
red dots indicate time points of example IPSCs shown in (G). (G) Examples of spontaneous IPSC activity before (blue dot, top) and after (red dot, bottom) alfaxalone
application. Paired two tail t-test, ∗P < 0.01.
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TABLE 1 | Effects of alfaxalone (25 µM) on spontaneous inhibitory post-synaptic currents (IPSCs).

Spontaneous IPSC parameter Control (95% CI) Alfaxalone (95% CI) % of control P

Amplitude (pA) −32.5 (−60.43 to −4.6) −22.5 (−43.1 to −2.1) 69% 0.0366∗

Frequency (Hz) 1.58 (0.87 – 2.3) 0.52 (0.4–0.64) 33% 0.0197∗

10%–90% Rise-time (ms) 8 (−0.5 to 21.5) 11.1 (−10 to 33) 139% 0.36
Half-width (ms) 6.2 (0.8 – 11.7) 5.7 (0.1–13) 92% 0.64
Baseline current (pA) −68 (−148 to 12) −196 (−399 to 7) 127% 0.0479∗

Mean and 95% CI, paired two-tailed t-test, n = 4 hypoglossal motor neurons (HMNs). ∗P < 0.05.

current also increased (127% of control, P = 0.0479), in an inward
direction (Figure 1G, Table 1).

Inhibitory Neurotransmission to HMNs Is
Predominately Glycinergic
These results showed that alfaxalone caused suppression of
inhibitory neurotransmission to rat HMNs. To determine
whether alfaxalone was acting on glycinergic or GABAAR
mediated synaptic responses, an additional study was performed
to determine the contribution of these two receptors to
spontaneous and evoked IPSCs in rat HMNs. The GABAAR
blocker bicuculline, followed by the GlyR blocker strychnine,
were bath applied to identify the proportion of IPSCs attributable
to the GABAAR and the GlyR. Bath application of the
GABAAR blocker bicuculline (5 µM) did not significantly alter
spontaneous or evoked IPSC peak amplitude, rise-time or half-
width, or spontaneous IPSC frequency (Figure 2 and Table 2),
indicating an insignificant contribution of GABAARs to IPSCs
in rat HMNs under our recording conditions. As the addition
of bicuculline did not significantly alter IPSCs, we expected
inhibitory synaptic transmission to be glycinergic in nature. The
addition of the GlyR blocker strychnine (500 nM) completely
blocked evoked IPSCs and all spontaneous IPSCs (Figure 2
and Table 2). This abolition of IPSCs confirmed that the great
majority of IPSCs in rat HMNs are attributable to strychnine-
sensitive GlyRs. For all further experiments, bicuculline was
always applied to definitively exclude any contribution of
GABAARs to IPSCs.

Alfaxalone Causes a Dose-Dependent
Decrease in Spontaneous IPSC Frequency,
but Does Not Significantly Alter
Spontaneous IPSC Size or Shape
A dose response study of the effects of alfaxalone on glycinergic
synaptic transmission was carried out to determine whether
glycinergic neurotransmission was altered at clinically relevant
doses. Pharmacokinetic studies in rat have shown that the
minimal effective concentrations of alfaxalone for anesthesia
in an adult rat were 1.45 ± 0.79 and 2.06 ± 0.38 mg/L for
2 mg/kg and 5 mg/kg dose ranges respectively (Lau et al.,
2013). With a molar mass of alfaxalone at 332.5 g/mol,
the minimal effective concentration equivalent in molar
concentrations are 4.36 and 6.02 µM, respectively. We thus
predicted that suppression of glycinergic neurotransmission
would occur at or below these concentrations. A dose dependent
decrease in spontaneous IPSC frequency (P = 0.003, repeated
measures ANOVA with Dunnett’s test) was apparent at 3 µM

alfaxalone (P < 0.05) and at 10 µM alfaxalone (P < 0.05,
Figures 3A,D, Table 3). This reduction in glycinergic IPSC
frequency suggests that a decrease in presynaptic excitability
may reduce glycinergic transmission. Alfaxalone did not
significantly alter spontaneous IPSC amplitude (Figures 3B,C),
10%–90% rise-time (Figure 3E) or half-width (Figure 3F) at
concentrations up to 10 µM (Table 3).

Alfaxalone Causes a Reduction in
Miniature IPSC Frequency and Amplitude
As spontaneous IPSC activity is a mixture of action potential-
dependent and action potential-independent glycine release,
we next determined the effect of a maximal alfaxalone dose
(25 µM) on miniature IPSCs, recorded in the presence of TTX
(1 µM, Figure 4A). Alfaxalone significantly decreased miniature
IPSC frequency to 62% of control (Figure 4C, P = 0.0013,
n = 14 HMNs, Table 4), and reduced miniature IPSC amplitude
to 46% of control (Figures 4B,D, P = 0.0014, n = 14 HMNs,
Table 4). Neither rise-time nor half-width of miniature IPSCs
were altered by alfaxalone (Figures 4E,F, Table 4), as for
spontaneous IPSCs. Interestingly, in this experiment, i.e., in
presence of TTX, holding current at −60 mV was significantly
shifted in an outward direction, from −161 pA to −104 pA
(Figure 4G, P = 0.0039, n = 14 HMNs).

Alfaxalone Causes a Dose Dependent
Reduction in Evoked IPSC Amplitude and
Altered Evoked IPSC Shape
To further examine alfaxalone effects on glycinergic inputs, we
recorded a pair (150 ms inter-stimulus interval) of evoked IPSCs.
The evoked IPSC peak amplitude was significantly reduced at
30 nM alfaxalone and evoked IPSC amplitude progressively
decreased in a dose-dependent manner, to 36% of control
amplitude at 10 µM (Figure 5A and Table 5). This reduction
in evoked IPSC amplitude suggests that alfaxalone causes a
direct decrease in the sensitivity of postsynaptic GlyRs to glycine.
Alfaxalone also slowed the evoked IPSC rise-time in a dose
dependent manner. Significantly longer rise-times were observed
at 30 nM and 3 µM, with a maximal increase to 234% of control
at 10 µM (Figure 5D, Table 5). By contrast, evoked IPSC half-
width was not consistently altered by alfaxalone; half-width was
significantly increased at 30 nM, 300 nM, and 1 µM, with a
maximal increase to 126% of control at 300 nM. Evoked IPSC
half-width then decreased, to a minimum of 72% of control
at 10 µM (Figure 5C and Table 5). Alfaxalone also produced
a significant dose-dependent increase in evoked IPSC decay
time constant, which increased to 249% of control at 10 µM
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FIGURE 2 | Effects of bicuculline and strychnine on spontaneous IPSCs; external solutions contain NBQX and DL-APV. (A) Example traces of spontaneous IPSC
activity during control, and after addition of bicuculline (5 µM), then strychnine (500 nM). (B) Spontaneous IPSC amplitude is not altered by bicuculline, but is
abolished by strychnine addition. (C) Spontaneous IPSC frequency is not altered by bicuculline, but is abolished by strychnine addition. (D) Example of averaged
traces of paired evoked IPSCs showing effects of bicuculline (blue trace), and then strychnine (red trace) addition. (E) Evoked IPSC amplitude is not altered by
bicuculline, but is abolished by strychnine. Repeated measures one way ANOVA, with Dunnett’s multiple comparisons to control, ∗P < 0.05, ∗∗∗P < 0.001.

TABLE 2 | Effects of bicuculline and strychnine on spontaneous and evoked IPSCs.

Spontaneous IPSC parameter Control (95% CI) Bicuculline (5 µM; 95% CI) P Strychnine (500 nM) P

Amplitude (pA) −40.6 (−52 to −29) −37 (−59 to −16) n.s. 0 ∗∗∗

Frequency (Hz) 0.52 (0.17–0.86) 0.33 (0.11–0.55) n.s. 0 ∗

10%–90% Rise-time (ms) 3.7 (1.3–6.2) 3.4 (1.4–5.5) n.s. 0 n.s.
Half-width (ms) 11.2 (17.6–4.7) 13.0 (0.1–35.8) n.s 0 n.s.
Evoked IPSC parameter
Amplitude (pA) −92 (−125 to −58) −71 (0.1 to −172) n.s. 0 ∗

10%–90% Rise-time (ms) 3.4 (0.5–6.3) 3.7 (1.4–6) n.s. 0 ∗∗

Half-width (ms) 8.9 (2.8–14.9) 7.5 (5.1–9.9) n.s. 0 ∗∗

Mean and 95% CI, repeated measures one way ANOVA, with Dunnett’s multiple comparison vs. control, n = 4 HMNs. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.0001, n.s. not significant.
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FIGURE 3 | Dose-dependent effects of alfaxalone on spontaneous glycinergic IPSCs; external solutions contain NBQX, DL-APV and bicuculline. (A) Example traces
of glycinergic IPSCs after addition of 10 nM, 100 nM 1 µM and 10 µM alfaxalone. (B) Mean spontaneous glycinergic IPSC amplitude is decreased by increasing
alfaxalone concentration. (C) Example traces of averaged glycinergic IPSCs before (blue) and after 10 µM alfaxalone (red). (D) Mean spontaneous glycinergic IPSC
frequency is decreased by increasing alfaxalone concentration. (E,F) Spontaneous glycinergic IPSC 10%–90% rise-time and half-width are not altered by increasing
alfaxalone concentration. Repeated measures ANOVA, with Dunnett’s post test. ∗P < 0.05.

TABLE 3 | Effects of alfaxalone (10 nM–10 µM) on spontaneous glycinergic IPSCs.

Alfaxalone concentration Amplitude (pA) Frequency (Hz) 10%–90% rise-time (ms) Half-width (ms)

Control −52 (−77 to −28) 1.01 (0.46–2.68) 7.6 (4.2–10.9) 7.2 (3.8–10.7)
10 nM −47 (−72 to – 22) 1.00 (0.42–2.68) 7.1 (5–9.2) 7.1 (4–10.1)
30 nM −45.5 (−63 to −28) 0.71 (0.29–2.58) 4.4 (2.9–5.9) 7.1 (3.7–10.5)
100 nM −45 (−75 to −17) 0.66 (0.12–2.67) 4.4 (3.2–5.5) 6.9 (4.3–9.4)
300 nM −44 (−58 to −27) 0.64 (0.10–2.3) 4.6 (3.3–5.9) 7 (4.7–9.3)
1 µM −44 (−52 to −33) 0.57 (0.2–2.22) 4.2 (3.3–5.2) 8 (4.6–11.8)
3 µM −35 (−44 to −27) 0.44∗ (0.3–0.88) 6.1 (3.9–8.3) 5.8 (3.8–7.8)
10 µM −31 (−40 to −21) 0.21∗ (0.14–0.45) 6.9 (5.4–8.5) 4.8 (2.8–6.9)

Mean ± 95% CI, n = 7 HMNs. Repeated measures ANOVA, Dunnett’s test. ∗P < 0.05.

(Figure 5H and Table 5, n = 8). These results are consistent
with postsynaptic modulation of native GlyR channel activity,
starting from low nanomolar to micromolar concentrations
of alfaxalone.

Alfaxalone Decreases Evoked IPSC Paired
Pulse Ratio (PPR)
Paired pulse facilitation (PPF) was present in control
recordings, and showed a significant dose-dependent
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FIGURE 4 | Effects of 25 µM alfaxalone on miniature glycinergic IPSCs; external solutions contain NBQX, DL-APV, bicuculline and tetrodotoxin (TTX). (A) Example
traces of miniature IPSCs in presence of TTX (1 µM) and after addition of alfaxalone. (B) Averaged miniature IPSCs in TTX (blue) and after alfaxalone (red).
(C) Miniature IPSC frequency is significantly decreased by alfaxalone. (D) Miniature IPSC amplitude is significantly decreased by alfaxalone. (E,F) Miniature IPSC
half-width and 10%–90% rise-time are not altered by alfaxalone. (G) Holding current at −60 mV is significantly decreased by alfaxalone. Paired two tail t-test,
∗∗P < 0.01, n.s. not significant.

TABLE 4 | Effects of alfaxalone (25 µM) on miniature glycinergic IPSCs.

Alfaxalone concentration Amplitude (pA) Frequency (Hz) 10%–90% rise-time (ms) Half-width (ms) Iholding (pA)

Control −95.5 (−130.4 to −60.6) 1.97 (1.5–2.4) 2.4 (1.4–3.5) 8.6 (5.6–11.3) −160.6 (−209.4 to −111.7)
25 µM −43.9 (−56.5 to −31.3) 1.21 (0.8–1.6) 3.2 (1.5–4.8) 7.3 (3.5–11.1) −104.1 (−133.2 to −75)
P = 0.0014∗∗ 0.0013∗∗ 0.2 0.39 ∗∗0.0039

Mean and 95% CI, n = 14 HMNs. Paired two tailed t-test. ∗∗P < 0.01.

decrease throughout the alfaxalone dose range (Figure 5G).
IPSC PPF was significantly reduced at 300 nM and 3 µM
alfaxalone, and became paired pulse depression at 10 µM
alfaxalone (Figure 5B and Table 5). Combined with a
decrease in evoked IPSC amplitude, this finding suggests
that alfaxalone does not significantly reduce calcium-dependent

release of glycine, as a reduction in presynaptic calcium
influx should result in increased PPF. The decrease in
spontaneous or miniature IPSC frequency was therefore
due to a decrease in presynaptic excitability rather than
modulation of presynaptic terminal Ca2+ influx or basal
release probability.
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Alfaxalone Produces an Inward Current
Without Altering Input Resistance
During evoked IPSC recording, a dose-dependent inward shift
in baseline holding current was observed (P = 0.02, repeated
measures ANOVA). A significant mean inward shift of −89 pA
relative to control was apparent at 10 µM alfaxalone (Figure 5F).
However, no significant input resistance changes were observed
during alfaxalone application (Figure 5E and Table 5).

Alfaxalone Does Not Alter Spontaneous
Glutamatergic EPSC Amplitude or
Frequency
While reduction of glycinergic neurotransmission to MNs is
consistent with neuromotor excitation, the effect of alfaxalone
on glutamatergic neurotransmission to MNs has not been
investigated. We therefore tested the effects of alfaxalone
(10 nM–3 µM) on spontaneous glutamatergic EPSCs (with
20–50 µM strychnine present to block both GABAARs and
GlyRs). Alfaxalone did not significantly alter spontaneous EPSC
amplitude or frequency at any concentration (Figures 6A–C,
Table 6), but did significantly increase spontaneous EPSC
half-width (Figure 6D) at 1 µM (125% of control, P = 0.014,
n = 15 cells) and marginally increased half-width at 3 µM (127%
of control, P = 0.052, n = 9 cells). Spontaneous EPSC rise-
time was also significantly increased (Figure 6E) with 10 nM
(125% of control, P = 0.035, n = 13 cells), 100 nM (121% of
control, P = 0.037, n = 13 cells) and 1 µM alfaxalone (138%
of control, P = 0.031, n = 15 cells). The holding current was
significantly changed (Figure 6F) in an inward direction at
10 nM (−28 pA, P = 0.0013, n = 13 cells), 30 nM (−34 pA,
P = 0.0003, n = 13 cells) and 300 nM alfaxalone (−40 pA,
P = 0.032, n = 13 cells).

Alfaxalone Does Not Alter Evoked EPSC
Amplitude or PPR
As alfaxalone elicited subtle effects on spontaneous EPSC
shape parameters, while alfaxalone effects on evoked IPSCs
were more marked, we also tested the effect of 25 µM
alfaxalone on paired (150 ms inter-stimulus interval) evoked
EPSCs (Figure 7). Alfaxalone did not significantly alter evoked
EPSC amplitude, rise-time or half-width, had no effect on
evoked EPSC PPR, and did not significantly alter holding
current (Table 7).

Alfaxalone Does Not Alter HMN Repetitive
Firing or Action Potential Shape
Parameters
As alfaxalone had significant effects on HMN holding current
at clinically relevant concentrations, we also examined whether
HMN intrinsic excitability and firing was altered by alfaxalone.
HMNs were current-clamped at−65 mV, and a series of positive
current steps (400 ms duration) were injected to evoke repetitive
action potential firing (Figure 8A). After alfaxalone (25 µM), the
maximal number of action potentials evoked by current injection
was unchanged (Figure 8C), and the firing frequency—current
injection curve (Figure 8B) was not significantly different. The

amplitude, half-width and maximal rise slope of the first evoked
action were also unchanged after alfaxalone (Figures 8D–F, and
Supplementary Information).

DISCUSSION

Alfaxalone Causes Glycinergic IPSC
Inhibition at Clinically Relevant Doses
Neuromotor excitation, manifested as muscle twitching and
rigidity, often occurs during alfaxalone anesthesia in animals
(File and Simmonds, 1988; Keates, 2003; Ferre et al., 2006;
Goodwin et al., 2011; Mathis et al., 2012; Lau et al.,
2013; Siriarchavatana et al., 2016). Hyperekplexia, tetanus
toxicity or strychnine poisoning, all caused by selective
suppression of GlyR-mediated synaptic inhibition of MNs,
are similar responses. Here, we show that the neurosteroid
alfaxalone produces a selective suppression of glycinergic
inhibition of rat HMNs at clinically relevant doses, providing
a plausible mechanism for neuromotor excitation during
neurosteroid anesthesia. Our results confirmed that alfaxalone
caused suppression of glycinergic synaptic transmission to
brainstem MNs in a dose-dependent manner. A decrease in
evoked IPSC amplitude was observed from 30 nM, increased
evoked IPSC rise-time from 1 µM, and decreased IPSC
frequency from 3 µM. These changes were apparent below
4–6 µM, the plasma levels required for anesthesia with
alfaxalone. In addition, alfaxalone elicited an inward current
shift and increased evoked IPSC decay time constant at
10 µM. These data show that modulation of glycinergic
transmission occurs at alfaxalone concentrations below those
necessary to produce anesthetic immobilization, consistent with
motor excitation occurring during recovery from anesthesia
with alfaxalone.

Several neurosteroids, including alfaxalone, have been
reported to positively or negatively modulate GlyRs (Paul and
Purdy, 1992; Mascia et al., 1996; Wu et al., 1997; Laube
et al., 2002; Biro and Maksay, 2004; Weir et al., 2004).
Here, we show that alfaxalone produces a dose-dependent
reduction of native glycinergic IPSCs in rat HMNs, at or below
clinically relevant doses, with some effects present at nanomolar
concentrations and most effects present at low micromolar
concentrations. The minimum plasma concentration of
alfaxalone to maintain sleep in rats is 4–6 µM (Lau et al.,
2013), similar to that required for human anesthesia (Harrison
and Simmonds, 1984). Our results are broadly compatible with
postsynaptic modulation of GlyR channel activity, coupled with
a decrease in presynaptic release of glycine at clinically relevant
alfaxalone concentrations.

Inhibitory IPSCs in HMNs Are
Predominantly Glycinergic
The hypoglossal motor nucleus contains one of the highest
GlyR densities within the central nervous system (Singer
et al., 1998; Singer and Berger, 1999, 2000), suggesting that
glycinergic synaptic transmission contributes to the majority
of IPSC activity in HMNs. However, glycinergic synaptic
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FIGURE 5 | Dose-dependent effects of alfaxalone on glycinergic evoked IPSCs; external solutions contain NBQX, DL-APV and bicuculline. (A) Evoked IPSC
amplitude is significantly and progressively decreased by increasing alfaxalone concentration. (B) The paired pulse ratio (PPR; 2nd IPSC amplitude/1st IPSC
amplitude) is significantly and progressively decreased by increasing alfaxalone concentration. (C) Evoked IPSC half-width is significantly and progressively altered by
increasing alfaxalone concentration. (D) Evoked IPSC 10%–90% rise-time is significantly and progressively increased by increasing alfaxalone concentration.
(E) Input resistance is not altered by alfaxalone. (F) Holding current is significantly and progressively increased by increasing alfaxalone concentration. (G) Example
traces of paired glycinergic IPSCs before (blue) and after (red) alfaxalone. (H) The decay time constant of evoked IPSCs is significantly and progressively increased by
increasing alfaxalone concentration. Repeated measures ANOVA, with Dunnett’s post test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.
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transmission to HMNs undergoes changes during postnatal
development (Singer et al., 1998; Singer and Berger, 2000),
while co-transmission of GABA and glycine from the same
presynaptic vesicle occurs in both brainstem and spinal
cord MNs, where dual component miniature IPSCs with
GABAergic and glycinergic components were observed (Jonas
et al., 1998; O’Brien and Berger, 1999; Mitchell et al.,
2007). It has previously been shown that 5 µM bicuculline
blocked 97% of GABAAR responses and only 6% of GlyR
responses, while 500 nM strychnine blocked 97% of GlyR
responses and only 11% of GABAAR mediated responses
in neonatal Sprague-Dawley rat HMNs (O’Brien and Berger,
1999). We found that spontaneous or evoked IPSCs were not
significantly altered by 5 µM bicuculline, suggesting minimal
GABAergic influence on neonatal rat HMNs. The addition of
500 nM strychnine in the presence of bicuculline abolished
evoked IPSCs and spontaneous IPSC activity, confirming that
the inhibitory synaptic activity in neonatal rat HMNs was
predominantly glycinergic.

Alfaxalone Decreases Spontaneous IPSC
Amplitude and Frequency
Alfaxalone decreased spontaneous IPSC amplitude at 25 µM
and decreased spontaneous IPSC frequency at 3–25 µM. These
effects are consistent with postsynaptic modulation of GlyR
activity and presynaptic reduction in glycine release. We note
that we did not specifically test the effects of alfaxalone at
25 µM on spontaneous glycinergic IPSCs in pharmacological
isolation (with NBQX, D-APV, and bicuculline), as we did
for alfaxalone concentrations at 10 µM or below. However,
we did test the effects of 25 µM alfaxalone on spontaneous
IPSCs (with NBQX and D-APV, but not bicuculline, Figure 1
and Table 1) and found significant decreases in spontaneous
IPSC amplitude and frequency. We subsequently showed that
spontaneous IPSCs in this latter condition were glycinergic,
as amplitude and frequency were not significantly altered by
the addition of bicuculline (Figure 2 and Table 2). Miniature
IPSC frequency also decreased at alfaxalone concentrations
at or above 3 µM, consistent with a decrease in activity-
independent presynaptic glycine release probability. As
alfaxalone reduced evoked IPSC amplitude from 30 nM
upwards, the lack of effect on spontaneous IPSC amplitude
at lower alfaxalone concentration may be due to the large
variability in spontaneous IPSC amplitude, masking changes in
amplitude. Other investigators have noted that both spontaneous
and miniature glycinergic IPSCs have highly variable
amplitude (Lim et al., 1999, 2003; Singer and Berger, 1999;
Mitchell et al., 2007).

Alfaxalone Causes Dose Dependent
Reduction in Evoked IPSC Amplitude and
Shape
Alfaxalone elicited a dose-dependent reduction in evoked
IPSC peak amplitude at or above 30 nM, to 36% of
control at 10 µM alfaxalone. This reduction in evoked IPSC
amplitude could be due to either a presynaptic depression
of glycine release, or postsynaptic reduction of GlyR activity.
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We also found that PPF of evoked IPSCs was significantly
decreased at or above 3 µM alfaxalone. PPF is regulated
by residual presynaptic calcium (Jackman and Regehr, 2017),
and a decrease in PPF implies an increase in residual
presynaptic calcium. Thus, in isolation, increases in presynaptic
calcium should increase glycinergic neurotransmission, rather
than a decrease in evoked glycinergic IPSCs, as we have
observed. This makes interpretation of changes in PPF more
complicated. By contrast, alfaxalone and other neurosteroids
have been reported to decrease voltage-activated calcium
currents, by interacting with binding sites on voltage-gated
calcium channels (Ffrench-Mullen et al., 1994; Hirota and
Lambert, 1996; Lambert et al., 1996; Nakashima et al., 1998;
Kitayama et al., 2002), making an increase in presynaptic
calcium unlikely.

Indeed, other effects of alfaxalone on evoked IPSCs are
more consistent with modulation of postsynaptic GlyRs. Evoked
IPSC rise-time was increased from 30 nM alfaxalone and
evoked IPSC decay time was increased at 10 µM alfaxalone
concentrations. Glycinergic IPSC rise and decay phases are
limited by GlyR channel opening and closure, rather than
by glycine rebinding or GlyR desensitization (Legendre, 1998;
Singer et al., 1998; Singer and Berger, 1999). The rise-
time of glycine-evoked currents resulting from recombinant
mammalian α1 and α1β GlyR channel openings or native GlyRs
in zebrafish neurons is glycine concentration-dependent, in
that rise-time decreased with increasing glycine concentrations
(Legendre, 1998; Mohammadi et al., 2003). A presynaptic
reduction in glycine release therefore might result in delayed
GlyR channel opening and therefore an increase in IPSC
rise-time, consistent with a shift to a ‘‘reluctant’’ gating
state which has been reported to contribute to the kinetics
of miniature IPSCs mediated by GlyRs in zebrafish brain
neurons (Legendre, 1998). However, the amplitude of miniature
IPSCs is independent of their rise-time, consistent with a
saturating concentration of glycine at postsynaptic GlyRs
(Legendre, 1998). Thus, increases in evoked IPSC rise-time
and decay time prolongation are consistent with postsynaptic
modulation of the GlyRs, suggesting that alfaxalone increases
the latency to opening of GlyRs by synaptically released glycine,
and either delays GlyR closure or increases the probability
of channel opening. One explanation for decreased evoked
IPSC PPF is that alfaxalone either enhances glycine channel
desensitization or deactivation, so that fewer glycine channels
are available to respond to a second synaptic pulse of glycine.
Clearly, single channel recordings from GlyRs would be
needed to determine whether alfaxalone directly modulates
GlyR activity.

Taken together, changes in the evoked IPSC amplitude and
time course are suggestive of postsynaptic GlyR modulation
by alfaxalone, leading to IPSC amplitude reduction and
prolongation of IPSC rise and decay phase. Our results
are most parsimoniously explained by direct modulation
of GlyRs by alfaxalone. However, we cannot rule out
the possibility that alfaxalone causes indirect modulation
of GlyRs by activating other receptors, ion channels or
signaling pathways.

High Alfaxalone Concentrations Produce
an Inward Current Without Altering Input
Resistance and Potentially Activates
Cation Channels
Our internal solution for recording both EPSCs and IPSCs was
CsCl-based, with internal chloride reversal potential close to
0 mV (ie an inward current when holding at −60 mV). As high
doses of strychnine block both GABAA and glycine channels,
the inward current generated by alfaxalone in the absence of
strychnine (e.g., Figure 1) could be due to tonic activity of
either channel. However, since other evidence presented here
indicates that alfaxalone decreases glycine channel activity, we
suggest that one source of inward current after alfaxalone
application could be tonic GABAA channel activity. The
application of alfaxalone (1–100 µM) to bovine chromaffin
cells elicits simultaneous activation of GABAA channels and
inhibition of nicotinic acetylcholine channels in whole cell patch
clamp recording with a CsCl pipette solution, producing a net
inward current through chloride-permeable channels (Cottrell
et al., 1987). Although we used roughly equivalent recording
conditions in these experiments, it is unlikely that all of
this inward current was generated by activation of GABAA
channels, due to the presence of bicuculline in our external
recording solutions when applying alfaxalone at concentrations
less than 25 µM. We did observe an inward current in the
presence of high strychnine concentration, when recording
spontaneous EPSCs. It is notable that alfaxalone elicited an
outward current in the presence of TTX, suggesting that
modulation of the persistent sodium current might account for
the inward current seen without TTX (van Zundert et al., 2008;
Bellingham, 2013).

Alternate explanations for the inward current elicited by
alfaxalone includemodulation of the hyperpolarization-activated
cation (IH) current. The IH current is an inward rectifying
cationic current that produces an increased inward membrane
conductance during hyperpolarization from resting membrane
potential, and, importantly, has been reported in rat HMNs
(Bayliss et al., 1994; Berger et al., 1995). The effect of IH activation
is to depolarize the membrane potential until a potential is
reached at which IH is largely inactivated once more. Positive
shifts in the voltage dependence of IH can thus move resting
membrane potential to more positive levels (Ireland et al.,
2012; Wenker et al., 2012), while negative shifts in IH voltage
dependence or the absence of IH can hyperpolarize resting
membrane potential (Chen et al., 2005; Bellingham, 2013). The
inward current caused by high alfaxalone concentrations could
thus be due to a positive shift in the voltage activation of the IH
current; this mechanism would also be compatible with a lack of
change in input resistance, because the slow activating IH current
is not directly assessed by the brief membrane pulses used to
measure input resistance.

Alternatively, the lack of change in input resistance may be
due to the inability of a somatic recording pipette to measure
changes in input resistance originating from remote dendritic
membrane. Evidence for this is seen in the largely dendritic
excitatory synaptic inputs from the respiratory pattern generator,
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FIGURE 6 | Alfaxalone has no dose-dependent effects on glutamatergic spontaneous excitatory PSCs (EPSCs); external solutions contained 20–50 µM strychnine.
(A) Example traces of averaged glutamatergic EPSCs after addition of 10 nM, 30 nM. 100 nM, 1 µM, and 3 µM alfaxalone. (B) Mean spontaneous glutamatergic
EPSC amplitude is not altered by increasing alfaxalone concentration. (C) Mean spontaneous glutamatergic EPSC frequency is not altered by increasing alfaxalone
concentration. (D) Mean spontaneous glutamatergic EPSC half-width is not altered by increasing alfaxalone concentration. (E) Mean spontaneous glutamatergic
EPSC 10%–90% rise-time is significantly increased by alfaxalone. (F) Holding current at −60 mV is significantly increased by 10 nM, 100 nM, and 1 µM alfaxalone.
Repeated measures ANOVA, with Dunnett’s post test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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TABLE 6 | Effects of alfaxalone (10 nM–3 µM) on spontaneous glutamatergic excitatory PSCs (EPSCs).

Alfaxalone concentration (n=) Amplitude (pA) Frequency (Hz) 10%–90% rise-time (ms) Half-width (ms)

Control (16) −26.8 (−31.6 to −22) 2.3 (1.7–3) 1.1 (0.8–1.3) 2.2 (1.9–2.5)
10 nM (13) −24.1 (−28.1 to −20.1) 3.0 (3.8–39.4) 1.3 (0.88–1.8) 2.4 (1.9–2.9)
30 nM (13) −24.1 (−27.2 to −21) 2.5 (1.8–3) 1.2 (0.8–1.6) 2.4 (1.7–3.1)
100 nM (13) −22.5 (−26.3 to −18.8) 2.6 (2.1–3) 1.2 (0.9–1.6) 2.5 (1.9–3.1)
300 nM (13) −25.2 (−30 to −20) 2.1 (1.4–2.8) 1.2 (0.8–1.5) 2.4 (1.9–2.9)
1 µM (15) −26.1 (−31 to −21) 2.1 (1.5–2.6) 1.4 (1.1–1.7) 2.7 (2.3–3.1)
3 µM (9) −28.4 (−37.4 to −19.5) 2.1 (1.4–2.8) 1.3 (0.9–1.7) 2.7 (2–3.4)

Mean ± 95% CI, n = 8 HMNs. One way repeated measures ANOVA, Dunnett’s multiple comparisons test.

FIGURE 7 | Alfaxalone (25 µM) has no effect on evoked glutamatergic EPSCs or EPSC PPR; external solutions contained 20–50 µM strychnine. (A) Example
averaged traces of paired glutamatergic evoked EPSCs before and after alfaxalone. (B) Evoked EPSC amplitude in not changed by alfaxalone. (C,D) Evoked EPSC
half-width and 10%–90% rise-time are not altered by alfaxalone. (E) Holding current is unchanged by alfaxalone. (F) PPR (2nd EPSC amplitude/1st EPSC amplitude)
is not changed by alfaxalone. Paired two-tail t-test. n.s. not significant.

TABLE 7 | Effects of alfaxalone (25 µM) on evoked glutamatergic EPSCs.

Alfaxalone 1st EPSC 1st EPSC 10%–90% 1st EPSC Paired pulse Baseline holding
concentration amplitude (pA) rise-time (ms) half-width (ms) ratio (2nd/1st) current (pA)

Control −232 (−315.3 to −148.4) 5.5 (4–7) 10.1 (5.6–14.7) 1.71 (1.5–1.9) −47.3 (−98.8 to 4.2)
25 µM −215 (−317.8 to −113) 4.9 (3.8–6) 8.5 (2.6–14.5) 1.66 (1.52–1.8) −40.06 (−83.9 to 3.8)
P = 0.43 0.1 0.35 0.31 0.38

Mean and 95% CI, n = 8 HMNs. Paired two tailed t-test.

which produce a large change in conductance that is not
associated with a change in input resistance (Rekling et al., 2000).

The overall results presented here suggest that clinically
relevant levels of alfaxalone produce a reduction in glycinergic
inhibition of MNs, by both presynaptic and postsynaptic

mechanisms. Alfaxalone decreases glycine release from
presynaptic terminals and also causes postsynaptic GlyR
channel modulation, two mechanisms that, together, reduce
the strength of glycinergic inhibition received by rat HMNs. As
motor neuroexcitation is a common side effect of alfaxalone
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FIGURE 8 | Alfaxalone (25 µM) does not alter hypoglossal motor neuron (HMN) firing or action potentials; external solution contained no blockers. (A) Examples
traces of subthreshold and repetitive firing responses before (blue) and after alfaxalone (red). (B) Firing frequency during increasing current steps is not significantly
altered by alfaxalone. (C) Maximal action potential count during current injection is unaltered by alfaxalone. (D,E) Action potential amplitude and half-width are
unaltered by alfaxalone. (F) Maximum rise slope of the action potential is not changed by alfaxalone. (B) Repeated measures ANOVA. (C–F) Paired two-tail t-test.
n.s. not significant.

anesthesia in many species, pre-medications that can up-regulate
glycinergic responses, examples of which include some α- and
β-amino acids (Schmieden and Betz, 1995), propofol and ethanol
(Chesnoy-Marchais, 1999), tamoxifen (Chesnoy-Marchais,
2005), and ivermectin (Shan et al., 2001), might be useful
adjuncts in veterinary anesthesiology. In addition, etomidate, an
intravenous anesthetic commonly used in humans, frequently
causes excitatory movements and myoclonia (Doenicke et al.,
1999; Harrison and Sear, 2004). It would be of great interest
to see whether etomidate also produced a similar reduction in
glycinergic neurotransmission to MNs.

How alfaxalone causes these changes in glycinergic
neurotransmission remains to be determined. Recently
pregnenolone, the precursor of all endogenous neurosteroids,
has been shown to allosterically interact with cannabinoid
receptors (Vallée et al., 2014), which, in turn, can modulate
both presynaptic glycine release and GlyR function in HMNs
(Lozovaya et al., 2005, 2011; Mukhtarov et al., 2005). It is possible
that alfaxalone may also interact with cannabinoid receptors,
which then reduce glycine release by the presynaptic terminal
and/or postsynaptic GlyR activity.

Although our results provide the first direct evidence
for neurosteroid-mediated reduction of glycinergic
synaptic transmission to rat HMNs without affecting
other factors regulating cell excitability, and are thus
potentially applicable to other MNs which also receive
strong glycinergic inputs, it remains to be seen if alfaxalone

causes similar effects on glycinergic neurotransmission in
other brainstem and spinal MNs. However, we believe our
work sheds some light on the mechanism of neuromotor
excitation observed with alfaxalone administration, and
thus can help in designing better methods to block
these effects.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the Queensland Government Animal
Research Act 2001, associated Animal Care and Protection
Regulations (2002 and 2008), as well as the Australian Code
for the Care and Use of Animals for Scientific Purposes, 8th
Edition (National Health and Medical Research Council, 2013).
The protocol was approved by The University of Queensland
Anatomical Biosciences Animal Ethics Committee.

AUTHOR CONTRIBUTIONS

CL and PT conducted experiments. CL, PT and MB analyzed
data, made figures, and wrote and edited the manuscript.

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 March 2019 | Volume 13 | Article 100

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Lau et al. Alfaxalone Reduces Glycinergic Neurotransmission

FUNDING

This work has received financial support from the University
of Queensland (postgraduate scholarships for CL and PT) and
the Australian National Health and Medical Research Council
(grants 569827 and APP1065884 to MB).

ACKNOWLEDGMENTS

The data presented in this article includes content which
first appeared in CL’s and PT’s doctoral theses (Lau, 2013;
Thakre, 2018); these theses represent the only medium

in which this content has appeared in, are in line with
The University of Queensland policy, and can be accessed
online at https://doi.org/10.14264/uql.2016.1015 and
https://doi.org/10.14264/uql.2018.709. Jurox Australia provided
gifts of alfaxalone and HPCD to MB.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.20
19.00100/full#supplementary-material

REFERENCES

Bayliss, D. A., Viana, F., Bellingham,M. C., and Berger, A. J. (1994). Characteristics
and postnatal development of a hyperpolarization- activated inward current
(Ih) in rat hypoglossal motoneurons in vitro. J. Neurophysiol. 71, 119–128.
doi: 10.1152/jn.1994.71.1.119

Bellingham, M. C. (2013). Pre- and postsynaptic mechanisms underlying
inhibition of hypoglossal motor neuron excitability by riluzole. J. Neurophysiol.
110, 1047–1061. doi: 10.1152/jn.00587.2012

Bellingham, M. C., and Berger, A. J. (1996). Presynaptic depression of excitatory
synaptic inputs to rat hypoglossal motoneurons by muscarinic M2 receptors.
J. Neurophysiol. 76, 3758–3770. doi: 10.1152/jn.1996.76.6.3758

Berger, A. J., Bayliss, D. A., Bellingham,M. C., Umemiya, M., and Viana, F. (1995).
Postnatal development of hypoglossal motoneuron intrinsic properties. Adv.
Exp. Med. Biol. 381, 63–71. doi: 10.1007/978-1-4615-1895-2_7

Bergey, G. K., Bigalke, H., and Nelson, P. G. (1987). Differential effects of tetanus
toxin on inhibitory and excitatory synaptic transmission in mammalian spinal
cord neurons in culture: a presynaptic locus of action for tetanus toxin.
J. Neurophysiol. 57, 121–131. doi: 10.1152/jn.1987.57.1.121

Biro, T., andMaksay, G. (2004). Allosteric modulation of glycine receptors is more
efficacious for partial rather than full agonists. Neurochem. Int. 44, 521–527.
doi: 10.1016/j.neuint.2003.08.010

Chen, X., Sirois, J. E., Lei, Q., Talley, E. M., Lynch, C. III., and Bayliss, D. A. (2005).
HCN subunit-specific and cAMP-modulated effects of anesthetics on neuronal
pacemaker currents. J. Neurosci. 25, 5803–5814. doi: 10.1523/JNEUROSCI.
1153-05.2005

Chesnoy-Marchais, D. (1999). Mode of action of ICS 205,930, a novel type of
potentiator of responses to glycine in rat spinal neurones. Br. J. Pharmacol. 126,
801–809. doi: 10.1038/sj.bjp.0702384

Chesnoy-Marchais, D. (2005). The estrogen receptor modulator tamoxifen
enhances spontaneous glycinergic synaptic inhibition of hypoglossal
motoneurons. Endocrinology 146, 4302–4311. doi: 10.1210/en.2005-0453

Cottrell, G. A., Lambert, J. J., and Peters, J. A. (1987). Modulation of GABAA
receptor activity by alphaxalone. Br. J. Pharmacol. 90, 491–500. doi: 10.1111/j.
1476-5381.1987.tb11198.x

Doenicke, A. W., Roizen, M. F., Kugler, J., Kroll, H., Foss, J., and Ostwald, P.
(1999). Reducing myoclonus after etomidate. Anesthesiology 90, 113–119.
doi: 10.1097/00000542-199901000-00017

Ferre, P. J., Pasloske, K.,Whittem, T., Ranasinghe,M. G., Li, Q., and Lefebvre, H. P.
(2006). Plasma pharmacokinetics of alfaxalone in dogs after an intravenous
bolus of Alfaxan-CD RTU. Vet. Anaesth. Analg. 33, 229–236. doi: 10.1111/j.
1467-2995.2005.00264.x

Ffrench-Mullen, J. M., Danks, P., and Spence, K. T. (1994). Neurosteroids
modulate calcium currents in hippocampal CA1 neurons via a pertussis
toxin-sensitive G-protein-coupled mechanism. J. Neurosci. 14, 1963–1977.
doi: 10.1523/JNEUROSCI.14-04-01963.1994

File, S. E., and Simmonds, M. A. (1988). Myoclonic seizures in the mouse induced
by alphaxalone and related steroid anaesthetics. J. Pharm. Pharmacol. 40,
57–59. doi: 10.1111/j.2042-7158.1988.tb05152.x

Goodwin, W. A., Keates, H. L., Pasloske, K., Pearson, M., Sauer, B., and
Ranasinghe, M. G. (2011). The pharmacokinetics and pharmacodynamics of
the injectable anaesthetic alfaxalone in the horse. Vet. Anaesth. Analg. 38,
431–438. doi: 10.1111/j.1467-2995.2011.00634.x

Gundlach, A. L. (1990). Disorder of the inhibitory glycine receptor: inherited
myoclonus in Poll Hereford calves. FASEB J. 4, 2761–2766. doi: 10.1096/fasebj.
4.10.2165010

Harrison, N. L., and Sear, J. W. (2004). ‘‘Anesthetic pharmacology: physiologic
principles and clinical practice,’’ in Intravenous Anesthetics: Barbiturates,
Etomidate, Propofol, Ketamine, and Steroids, eds A. S. Evers and M. Maze
(Philadelphia: Curchill Livingstone), 395–416.

Harrison, N. L., and Simmonds, M. A. (1984). Modulation of the GABA receptor
complex by a steroid anaesthetic. Brain Res. 323, 287–292. doi: 10.1016/0006-
8993(84)90299-3

Harrison, N. L., Vicini, S., and Barker, J. L. (1987). A steroid anesthetic
prolongs inhibitory postsynaptic currents in cultured rat hippocampal neurons.
J. Neurosci. 7, 604–609. doi: 10.1523/JNEUROSCI.07-02-00604.1987

Hill-Venning, C., Peters, J. A., Callachan, H., Lambert, J. J., Gemmell, D. K.,
Anderson, A., et al. (1996). The anaesthetic action and modulation of
GABAA receptor activity by the novel water-soluble aminosteroid Org 20599.
Neuropharmacology 35, 1209–1222. doi: 10.1016/s0028-3908(96)00069-x

Hirota, K., and Lambert, D. G. (1996). I.v. anaesthetic agents inhibit
dihydropyridine binding to L-type voltage-sensitive Ca2+ channels in rat
cerebrocortical membranes. Br. J. Anaesth. 77, 248–253. doi: 10.1093/bja/77.
2.248

Ireland, M. F., Funk, G. D., and Bellingham, M. C. (2012). Muscarinic
acetylcholine receptors enhance neonatal mouse hypoglossal motoneuron
excitability in vitro. J. Appl. Physiol. 113, 1024–1039. doi: 10.1152/japplphysiol.
00699.2011

Jackman, S. L., and Regehr, W. G. (2017). The mechanisms and functions of
synaptic facilitation. Neuron 94, 447–464. doi: 10.1016/j.neuron.2017.02.047

Jonas, P., Bischofberger, J., and Sandkühler, J. (1998). Corelease of two
fast neurotransmitters at a central synapse. Science 281, 419–424.
doi: 10.1126/science.281.5375.419

Keates, H. (2003). Induction of anaesthesia in pigs using a new alphaxalone
formulation. Vet. Rec. 153, 627–628. doi: 10.1136/vr.153.20.627

Kitayama,M., Hirota, K., Kudo,M., Kudo, T., Ishihara, H., andMatsuki, A. (2002).
Inhibitory effects of intravenous anaesthetic agents on K+-evoked glutamate
release from rat cerebrocortical slices. Involvement of voltage-sensitive Ca2+

channels and GABAA receptors. Naunyn Schmiedebergs Arch. Pharmacol. 366,
246–253. doi: 10.1007/s00210-002-0590-6

Lambert, J. J., Belelli, D., Hill-Venning, C., Callachan, H., and Peters, J. A. (1996).
Neurosteroid modulation of native and recombinant GABAA receptors. Cell.
Mol. Neurobiol. 16, 155–174. doi: 10.1007/bf02088174

Lau, C. (2013). The Safety, Efficacy and Neuromotor Effects of the Neurosteroid
Anaesthetic Alfaxalone in Rats. Brisbane, Australia: The University of
Queensland. PhD thesis

Lau, C., Ranasinghe, M. G., Shiels, I., Keates, H., Pasloske, K., and
Bellingham, M. C. (2013). Plasma pharmacokinetics of alfaxalone after a single
intraperitoneal or intravenous injection of Alfaxanr in rats. J. Vet. Pharmacol.
Ther. 36, 516–520. doi: 10.1111/jvp.12055

Laube, B., Maksay, G., Schemm, R., and Betz, H. (2002). Modulation of
glycine receptor function: a novel approach for therapeutic intervention at
inhibitory synapses. Trends Pharmacol. Sci. 23, 519–527. doi: 10.1016/s0165-
6147(02)02138-7

Legendre, P. (1998). A reluctant gating mode of glycine receptor channels
determines the time course of inhibitory miniature synaptic events in zebrafish

Frontiers in Cellular Neuroscience | www.frontiersin.org 16 March 2019 | Volume 13 | Article 100

https://doi.org/10.14264/uql.2016.1015
https://doi.org/10.14264/uql.2018.709
https://www.frontiersin.org/articles/10.3389/fncel.2019.00100/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2019.00100/full#supplementary-material
https://doi.org/10.1152/jn.1994.71.1.119
https://doi.org/10.1152/jn.00587.2012
https://doi.org/10.1152/jn.1996.76.6.3758
https://doi.org/10.1007/978-1-4615-1895-2_7
https://doi.org/10.1152/jn.1987.57.1.121
https://doi.org/10.1016/j.neuint.2003.08.010
https://doi.org/10.1523/JNEUROSCI.1153-05.2005
https://doi.org/10.1523/JNEUROSCI.1153-05.2005
https://doi.org/10.1038/sj.bjp.0702384
https://doi.org/10.1210/en.2005-0453
https://doi.org/10.1111/j.1476-5381.1987.tb11198.x
https://doi.org/10.1111/j.1476-5381.1987.tb11198.x
https://doi.org/10.1097/00000542-199901000-00017
https://doi.org/10.1111/j.1467-2995.2005.00264.x
https://doi.org/10.1111/j.1467-2995.2005.00264.x
https://doi.org/10.1523/JNEUROSCI.14-04-01963.1994
https://doi.org/10.1111/j.2042-7158.1988.tb05152.x
https://doi.org/10.1111/j.1467-2995.2011.00634.x
https://doi.org/10.1096/fasebj.4.10.2165010
https://doi.org/10.1096/fasebj.4.10.2165010
https://doi.org/10.1016/0006-8993(84)90299-3
https://doi.org/10.1016/0006-8993(84)90299-3
https://doi.org/10.1523/JNEUROSCI.07-02-00604.1987
https://doi.org/10.1016/s0028-3908(96)00069-x
https://doi.org/10.1093/bja/77.2.248
https://doi.org/10.1093/bja/77.2.248
https://doi.org/10.1152/japplphysiol.00699.2011
https://doi.org/10.1152/japplphysiol.00699.2011
https://doi.org/10.1016/j.neuron.2017.02.047
https://doi.org/10.1126/science.281.5375.419
https://doi.org/10.1136/vr.153.20.627
https://doi.org/10.1007/s00210-002-0590-6
https://doi.org/10.1007/bf02088174
https://doi.org/10.1111/jvp.12055
https://doi.org/10.1016/s0165-6147(02)02138-7
https://doi.org/10.1016/s0165-6147(02)02138-7
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Lau et al. Alfaxalone Reduces Glycinergic Neurotransmission

hindbrain neurons. J. Neurosci. 18, 2856–2870. doi: 10.1523/JNEUROSCI.18-
08-02856.1998

Lim, R., Alvarez, F. J., and Walmsley, B. (1999). Quantal size is correlated with
receptor cluster area at glycinergic synapses in the rat brainstem. J. Physiol. 516,
505–512. doi: 10.1111/j.1469-7793.1999.0505v.x

Lim, R., Oleskevich, S., Few, A. P., Leao, R. N., and Walmsley, B. (2003).
Glycinergic mIPSCs in mouse and rat brainstem auditory nuclei: modulation
by ruthenium red and the role of calcium stores. J. Physiol. 546, 691–699.
doi: 10.1113/jphysiol.2002.035071

Lozovaya, N., Mukhtarov, M., Tsintsadze, T., Ledent, C., Burnashev, N.,
and Bregestovski, P. (2011). Frequency-dependent cannabinoid receptor-
Independent modulation of glycine receptors by endocannabinoid 2-AG.
Front. Mol. Neurosci. 4:13. doi: 10.3389/fnmol.2011.00013

Lozovaya, N., Yatsenko, N., Beketov, A., Tsintsadze, T., and Burnashev, N.
(2005). Glycine receptors in CNS neurons as a target for nonretrograde action
of cannabinoids. J. Neurosci. 25, 7499–7506. doi: 10.1523/JNEUROSCI.0977-
05.2005

Lynch, J. W. (2004). Molecular structure and function of the glycine receptor
chloride channel. Physiol. Rev. 84, 1051–1095. doi: 10.1152/physrev.000
42.2003

Maksay, G., Bíró, T., and Laube, B. (2002). Hyperekplexia mutation of glycine
receptors: decreased gating efficacy with altered binding thermodynamics.
Biochem. Pharmacol. 64, 285–288. doi: 10.1016/s0006-2952(02)01111-5

Mascia, M. P., Machu, T. K., and Harris, R. A. (1996). Enhancement of
homomeric glycine receptor function by long-chain alcohols and anaesthetics.
Br. J. Pharmacol. 119, 1331–1336. doi: 10.1111/j.1476-5381.1996.tb16042.x

Mathis, A., Pinelas, R., Brodbelt, D. C., and Alibhai, H. I. (2012). Comparison
of quality of recovery from anaesthesia in cats induced with propofol or
alfaxalone. Vet. Anaesth. Analg. 39, 282–290. doi: 10.1111/j.1467-2995.2011.
00707.x

Mitchell, E. A., Gentet, L. J., Dempster, J., and Belelli, D. (2007). GABAA and
glycine receptor-mediated transmission in rat lamina II neurones: relevance
to the analgesic actions of neuroactive steroids. J. Physiol. 583, 1021–1040.
doi: 10.1113/jphysiol.2007.134445

Mohammadi, B., Krampfl, K., Cetinkaya, C., Moschref, H., Grosskreutz, J.,
Dengler, R., et al. (2003). Kinetic analysis of recombinant mammalian
α1 and α1β glycine receptor channels. Eur. Biophys. J. 32, 529–536.
doi: 10.1007/s00249-003-0286-y

Mukhtarov, M., Ragozzino, D., and Bregestovski, P. (2005). Dual Ca2+

modulation of glycinergic synaptic currents in rodent hypoglossal
motoneurones. J. Physiol. 569, 817–831. doi: 10.1113/jphysiol.2005.
094862

Nakashima, Y. M., Todorovic, S. M., Covey, D. F., and Lingle, C. J. (1998). The
anesthetic steroid (+)-3α-hydroxy-5α-androstane-17β-carbonitrile blocks N-,
Q-, and R-type, but not L- and P-type, high voltage-activated Ca2+ current in
hippocampal and dorsal root ganglion neurons of the rat. Mol. Pharmacol. 54,
559–568. doi: 10.1124/mol.54.3.559

O’Brien, J. A., and Berger, A. J. (1999). Cotransmission of GABA and glycine to
brain stem motoneurons. J. Neurophysiol. 82, 1638–1641. doi: 10.1152/jn.1999.
82.3.1638

Parker, A. J., Lee, J. B., Redman, J., and Jolliffe, L. (2011). Strychnine poisoning:
gone but not forgotten. Emerg. Med. J. 28:84. doi: 10.1136/emj.2009.080879

Paul, S. M., and Purdy, R. H. (1992). Neuroactive steroids. FASEB J. 6, 2311–2322.
doi: 10.1096/fasebj.6.6.1347506

Rekling, J. C., Funk, G. D., Bayliss, D. A., Dong, X. W., and Feldman, J. L. (2000).
Synaptic control of motoneuronal excitability. Physiol. Rev. 80, 768–852.
doi: 10.1152/physrev.2000.80.2.767

Schmieden, V., and Betz, H. (1995). Pharmacology of the inhibitory glycine
receptor: agonist and antagonist actions of amino acids and piperidine
carboxylic acid compounds.Mol. Pharmacol. 48, 919–927.

Shan, Q., Haddrill, J. L., and Lynch, J. W. (2001). Ivermectin, an unconventional
agonist of the glycine receptor chloride channel. J. Biol. Chem. 276,
12556–12564. doi: 10.1074/jbc.m011264200

Shin, M. C., Nonaka, K., Wakita, M., Yamaga, T., Torii, Y., Harakawa, T., et al.
(2012). Effects of tetanus toxin on spontaneous and evoked transmitter release
at inhibitory and excitatory synapses in the rat SDCN neurons. Toxicon 59,
385–392. doi: 10.1016/j.toxicon.2011.12.009

Simmonds, M. A. (1983). Depolarizing responses to glycine, β-alanine and
muscimol in isolated optic nerve and cuneate nucleus. Br. J. Pharmacol. 79,
799–806. doi: 10.1111/j.1476-5381.1983.tb10018.x

Singer, J. H., and Berger, A. J. (1999). Contribution of single-channel properties
to the time course and amplitude variance of quantal glycine currents recorded
in rat motoneurons. J. Neurophysiol. 81, 1608–1616. doi: 10.1152/jn.1999.81.
4.1608

Singer, J. H., and Berger, A. J. (2000). Development of inhibitory synaptic
transmission tomotoneurons. Brain Res. Bull. 53, 553–560. doi: 10.1016/s0361-
9230(00)00389-0

Singer, J. H., Talley, E. M., Bayliss, D. A., and Berger, A. J. (1998). Development
of glycinergic synaptic transmission to rat brain stem motoneurons.
J. Neurophysiol. 80, 2608–2620. doi: 10.1152/jn.1998.80.5.2608

Siriarchavatana, P., Ayers, J. D., and Kendall, L. V. (2016). Anesthetic activity of
alfaxalone compared with ketamine in mice. J. Am. Assoc. Lab. Anim. Sci. 55,
426–430.

Stuart, G. J., Dodt, H. U., and Sakmann, B. (1993). Patch-clamp recordings
from the soma and dendrites of neurons in brain slices using infrared video
microscopy. Pflugers Arch. 423, 511–518. doi: 10.1007/bf00374949

Thakre, P. P. (2018). Improving the Quality of Neurosteroid Induced Anaesthesia in
Rodents. PhD thesis (Brisbane, Australia): The University of Queensland.

Vallée, M., Vitiello, S., Bellocchio, L., Hébert-Chatelain, E., Monlezun, S., Martin-
Garcia, E., et al. (2014). Pregnenolone can protect the brain from cannabis
intoxication. Science 343, 94–98. doi: 10.1126/science.1243985

van Zundert, B., Peuscher, M. H., Hynynen, M., Chen, A., Neve, R. L.,
Brown, R. H., et al. (2008). Neonatal neuronal circuitry shows hyperexcitable
disturbance in a mouse model of the adult-onset neurodegenerative
disease amyotrophic lateral sclerosis. J. Neurosci. 28, 10864–10874.
doi: 10.1523/JNEUROSCI.1340-08.2008

Weir, C. J., Ling, A. T., Belelli, D., Wildsmith, J. A., Peters, J. A., and Lambert, J. J.
(2004). The interaction of anaesthetic steroids with recombinant glycine and
GABAA receptors. Br. J. Anaesth. 92, 704–711. doi: 10.1093/bja/aeh125

Wenker, I. C., Benoit, J. P., Chen, X., Liu, H., Horner, R. L., and Mulkey, D. K.
(2012). Nitric oxide activates hypoglossal motoneurons by cGMP-dependent
inhibition of TASK channels and cGMP-independent activation of HCN
channels. J. Neurophysiol. 107, 1489–1499. doi: 10.1152/jn.00827.2011

Williamson, L. C., Fitzgerald, S. C., and Neale, E. A. (1992). Differential
effects of tetanus toxin on inhibitory and excitatory neurotransmitter release
from mammalian spinal cord cells in culture. J. Neurochem. 59, 2148–2157.
doi: 10.1111/j.1471-4159.1992.tb10106.x

Wu, F. S., Chen, S. C., and Tsai, J. J. (1997). Competitive inhibition of the glycine-
induced current by pregnenolone sulfate in cultured chick spinal cord neurons.
Brain Res. 750, 318–320. doi: 10.1016/s0006-8993(97)00053-x

Ziemba, A. M., Szabo, A., Pierce, D. W., Haburcak, M., Stern, A. T.,
Nourmahnad, A., et al. (2018). Alphaxalone binds in inner transmembrane
β+ − α− interfaces of α1β3γ2 γ-aminobutyric acid. Anesthesiology 128,
338–351. doi: 10.1097/aln.0000000000001978

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Lau, Thakre and Bellingham. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 17 March 2019 | Volume 13 | Article 100

https://doi.org/10.1523/JNEUROSCI.18-08-02856.1998
https://doi.org/10.1523/JNEUROSCI.18-08-02856.1998
https://doi.org/10.1111/j.1469-7793.1999.0505v.x
https://doi.org/10.1113/jphysiol.2002.035071
https://doi.org/10.3389/fnmol.2011.00013
https://doi.org/10.1523/JNEUROSCI.0977-05.2005
https://doi.org/10.1523/JNEUROSCI.0977-05.2005
https://doi.org/10.1152/physrev.00042.2003
https://doi.org/10.1152/physrev.00042.2003
https://doi.org/10.1016/s0006-2952(02)01111-5
https://doi.org/10.1111/j.1476-5381.1996.tb16042.x
https://doi.org/10.1111/j.1467-2995.2011.00707.x
https://doi.org/10.1111/j.1467-2995.2011.00707.x
https://doi.org/10.1113/jphysiol.2007.134445
https://doi.org/10.1007/s00249-003-0286-y
https://doi.org/10.1113/jphysiol.2005.094862
https://doi.org/10.1113/jphysiol.2005.094862
https://doi.org/10.1124/mol.54.3.559
https://doi.org/10.1152/jn.1999.82.3.1638
https://doi.org/10.1152/jn.1999.82.3.1638
https://doi.org/10.1136/emj.2009.080879
https://doi.org/10.1096/fasebj.6.6.1347506
https://doi.org/10.1152/physrev.2000.80.2.767
https://doi.org/10.1074/jbc.m011264200
https://doi.org/10.1016/j.toxicon.2011.12.009
https://doi.org/10.1111/j.1476-5381.1983.tb10018.x
https://doi.org/10.1152/jn.1999.81.4.1608
https://doi.org/10.1152/jn.1999.81.4.1608
https://doi.org/10.1016/s0361-9230(00)00389-0
https://doi.org/10.1016/s0361-9230(00)00389-0
https://doi.org/10.1152/jn.1998.80.5.2608
https://doi.org/10.1007/bf00374949
https://doi.org/10.1126/science.1243985
https://doi.org/10.1523/JNEUROSCI.1340-08.2008
https://doi.org/10.1093/bja/aeh125
https://doi.org/10.1152/jn.00827.2011
https://doi.org/10.1111/j.1471-4159.1992.tb10106.x
https://doi.org/10.1016/s0006-8993(97)00053-x
https://doi.org/10.1097/aln.0000000000001978
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Alfaxalone Causes Reduction of Glycinergic IPSCs, but Not Glutamatergic EPSCs, and Activates a Depolarizing Current in Rat Hypoglossal Motor Neurons
	KEY POINTS
	INTRODUCTION
	MATERIALS AND METHODS
	Slice Preparation
	Solutions
	Drugs
	Electrophysiological Recordings
	Synaptic Recordings
	Neurotransmission Study
	Alfaxalone Dose Response Study
	Action Potential Current Clamp Recordings
	Data Analysis

	RESULTS
	Alfaxalone Decreases Spontaneous Inhibitory Synaptic Currents in HMNs
	Inhibitory Neurotransmission to HMNs Is Predominately Glycinergic
	Alfaxalone Causes a Dose-Dependent Decrease in Spontaneous IPSC Frequency, but Does Not Significantly Alter Spontaneous IPSC Size or Shape
	Alfaxalone Causes a Reduction in Miniature IPSC Frequency and Amplitude
	Alfaxalone Causes a Dose Dependent Reduction in Evoked IPSC Amplitude and Altered Evoked IPSC Shape
	Alfaxalone Decreases Evoked IPSC Paired Pulse Ratio (PPR)
	Alfaxalone Produces an Inward Current Without Altering Input Resistance
	Alfaxalone Does Not Alter Spontaneous Glutamatergic EPSC Amplitude or Frequency
	Alfaxalone Does Not Alter Evoked EPSC Amplitude or PPR
	Alfaxalone Does Not Alter HMN Repetitive Firing or Action Potential Shape Parameters

	DISCUSSION
	Alfaxalone Causes Glycinergic IPSC Inhibition at Clinically Relevant Doses
	Inhibitory IPSCs in HMNs Are Predominantly Glycinergic
	Alfaxalone Decreases Spontaneous IPSC Amplitude and Frequency
	Alfaxalone Causes Dose Dependent Reduction in Evoked IPSC Amplitude and Shape
	High Alfaxalone Concentrations Produce an Inward Current Without Altering Input Resistance and Potentially Activates Cation Channels

	DATA AVAILABILITY
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


