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Bos R, Vinay L. Glucose is an adequate energy substrate for the
depolarizing action of GABA and glycine in the neonatal rat spinal
cord in vitro. J Neurophysiol 107: 3107–3115, 2012. First published
March 28, 2012; doi:10.1152/jn.00571.2011.—In vitro studies have
repeatedly demonstrated that the neurotransmitters �-aminobutyric
acid (GABA) and glycine depolarize immature neurons in many areas
of the CNS, including the spinal cord. This widely accepted phenom-
enon was recently challenged by experiments showing that the depo-
larizing action of GABA on neonatal hippocampus and neocortex in
vitro was prevented by adding energy substrates (ES), such as the
ketone body metabolite DL-�-hydroxybutyric acid (DL-BHB), lactate,
or pyruvate to the artificial cerebrospinal fluid (ACSF). It was sug-
gested that GABA-induced depolarizations in vitro might be an
artifact due to inadequate energy supply when glucose is the sole
energy source, consistent with the energy metabolism of neonatal rat
brain being largely dependent on ESs other than glucose. Here we
examined the effects of these ESs (DL-BHB, lactate, pyruvate) on
inhibitory postsynaptic potentials (IPSPs) recorded from neonatal rat
lumbar spinal cord motoneurons (MNs), in vitro. We report that
supplementing the ACSF with physiologic concentrations of DL-
BHB, lactate, or pyruvate does not alter the reversal potential of IPSPs
(EIPSP). Only high concentrations of pyruvate hyperpolarized EIPSP.
In addition, the depolarizing action of GABA on primary afferent
terminals was not affected by supplementing the ACSF with ES at
physiologic concentrations. We conclude that depolarizing IPSPs in
immature MNs and the primary afferent depolarizations are not
caused by inadequate energy supply. Glucose at its standard concen-
tration appears to be an adequate ES for the neonatal spinal cord in
vitro.

primary afferent depolarization; motoneuron; ketone body metabo-
lites; lactate; pyruvate; depolarizing IPSPs

IN MATURE CENTRAL NERVOUS SYSTEM (CNS) neurons, activation
of �-aminobutyric acid (GABA) or glycine-gated anion chan-
nels results in Cl� influx and membrane potential hyperpolar-
ization due to the intracellular Cl� concentrations ([Cl�]i)
being lower than electrochemical equilibrium. In immature
neurons, which have a [Cl�]i higher than predicted for elec-
trochemical equilibrium (i.e., ECl has a depolarized value with
respect to the resting membrane potential, Vrest) GABA or
glycine evokes membrane depolarizations that play key roles in
neuronal maturation and synaptogenesis (for reviews, see Ben-
Ari et al. 2007; Blankenship and Feller 2010). The develop-
mental shift from depolarizing to hyperpolarizing GABA and
glycine responses reflects in many areas of the CNS the
sequential expression or activation of isoform 1 of the sodium-
potassium-chloride cotransporter type 1 (NKCC1), which ac-

tively uptakes Cl�, and isoform 2 of the potassium-chloride
cotransporter type 2 (KCC2) that actively extrudes Cl� (Delpy
et al. 2008; reviewed in Blaesse et al. 2009; Payne et al. 2003).

In spinal cord motoneurons (MNs) of immature rats, glycine
and GABA produce Cl�-dependent membrane depolarizations
that can be functionally excitatory if ECl is above the action
potential threshold (Jean-Xavier et al. 2007). These excitatory
responses are similar to those described in other CNS neurons
during development (Cherubini et al. 1991); they can be
abolished by the glycine or GABAA receptor antagonists
strychnine and bicuculline, respectively (Nishimaru et al. 1996;
for review, see Vinay and Jean-Xavier 2008). In the spinal
cord, maturation of inhibitory postsynaptic transmission occurs
during the perinatal period (Delpy et al. 2008; Gao and Zis-
kind-Conhaim 1995; Jean-Xavier et al. 2006; Stil et al. 2009;
Wu et al. 1992; Ziskind-Conhaim 1998), a time window during
which MNs undergo considerable maturation of membrane
properties (Vinay et al. 2000b). GABA- and glycine-mediated
postsynaptic depolarizations facilitate subthreshold excitatory
postsynaptic potentials (EPSPs) (Jean-Xavier et al. 2007).

The widely accepted explanation for the mechanisms under-
lying the depolarizing action of GABA in immature neurons
was recently challenged by Zilberter and coworkers (Holmgren
et al. 2010; Rheims et al. 2009; Zilberter et al. 2010). These
authors proposed that energy metabolism of the neonatal rat
brain is largely dependent on energy substrates (ES) other than
glucose, such as ketone bodies (KBs). Indeed, the immature rat
brain preferentially metabolizes KBs, acetoacetate and �-hy-
droxybutyrate, that are the end products of liver fatty acid
breakdown, compared with other ESs such as lactate, pyruvate,
and glucose (Erecinska et al. 2004; Hawkins et al. 1971;
Nehlig 2004; Nehlig and Pereira de Vasconcelos 1993; Page
et al. 1971; Prins 2008). Zilberter and coworkers showed in
neonatal hippocampus and neocortex in vitro that adding
ESs such as the KB metabolite DL-3-hydroxybutyrate (DL-
BHB, 4 mM), lactate (5 mM), or pyruvate (5 mM) to the
artificial cerebrospinal fluid (ACSF) induced a hyperpolar-
izing shift (�15 mV) of the reversal potential of GABAA
receptor-mediated synaptic responses (EGABA) and blocked
giant depolarizing potentials (GDPs; Ben-Ari et al. 1989).
They concluded that the depolarizing action of GABA
observed in vitro might be a pathologic phenomenon result-
ing from energy deprivation when glucose is the sole energy
source available in the ACSF.

In the present study, we examined whether an enriched ES
pool affects inhibitory synaptic transmission in the in vitro
spinal cord preparation isolated from newborn rats. We fo-
cused mainly on BHB, lactate, and pyruvate, which are con-
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sidered as the major ES used by the newborn rat brain (Erecin-
ska et al. 2004; Girard et al. 1973; Nehlig 2004; Prins 2008).
The effects of ES-enriched solutions were tested on two kinds
of responses. 1) Electrical stimulation of the ventral funiculus
of the spinal cord activates descending pathways and local
inhibitory interneurons. The IPSPs elicited by such stimulation
are mediated by activation of glycine and GABAA receptors.
The shift in the reversal potential of these IPSPs (EIPSP) from
above to below Vrest occurs during the first postnatal week
(Jean-Xavier et al. 2006) and is due to an increase in expres-
sion of functional KCC2 (Stil et al. 2009, 2011). 2) Spontane-
ous and evoked dorsal root (DR) discharges. The latter are
elicited by electrical stimulation of an adjacent DR and are
known as “dorsal root reflex” (Bos et al. 2011; Fellippa-
Marques et al. 2000; Vinay et al. 1999). They result from
GABAA receptor-mediated primary afferent depolarizations
reaching firing threshold, and therefore rely on the higher than
equilibrium [Cl�]i in primary afferent terminals, which is
maintained by NKCC1 cotransporters (Alvarez-Leefmans et al.
1988). Our data show that neither BHB, nor lactate, nor
physiologic concentrations of pyruvate alter the reversal po-
tential of IPSPs mediated by GABA and glycine or the
GABAA receptor-mediated DR reflexes.

MATERIALS AND METHODS

Animals and surgical procedures. Experiments were carried out on
Wistar rats of either sex aged from postnatal day 0 (P0; defined as the
first 24 h after birth) to P5. All surgical and experimental procedures
were made to minimize animal suffering and conformed to the
guidelines from the French Ministry for Agriculture and Fisheries,
Division of Animal Rights. Animals were anesthetized by hypother-
mia. They were then decerebrated at a postcollicular level, eviscer-
ated, and pinned down onto a Petri dish. Laminectomy was then
performed and the spinal cord and roots (ventral and dorsal) were
removed from sacral segments up to T8–T9. The preparation was then
pinned down, ventral side up, in the recording chamber. Dissection
and recording procedures were performed under continuous perfusion
with saline solution (in mM: 130 NaCl, 4 KCl, 3.75 CaCl2, 1.3
MgSO4, 0.58 NaH2PO4, 25 NaHCO3, and 10 glucose; oxygenated
with 95% O2-5% CO2; pH adjusted to 7.4, room temperature
22–24°C).

Intracellular recordings. Monopolar stainless steel electrodes were
placed in contact with the dorsal and ventral roots of L4–L5 segments
and insulated with Vaseline. Glass-suction electrodes were used to
stimulate the ventral funiculus at the L2–L3 level, on the recording
side. After the pia had been removed, lumbar MNs were recorded
intracellularly using glass microelectrodes filled with 2 M K-acetate

(60–130 M� resistance). K-Cl (0.1–2 mM) was added in the pipette
in two experiments (30 M� resistance). Intracellular potentials were
recorded in the discontinuous current-clamp (DCC) mode (Axoclamp
2B amplifier; Digidata 1200 interface, pClamp9 software, Axon
Instruments). In the L4–L5 segments MNs were identified by anti-
dromic response to stimulation of one ventral root. Only neurons
exhibiting a stable (15 min) resting membrane potential were consid-
ered for analysis (control, n � 45; DL-BHB, n � 17; lactate, n � 16;
pyruvate, n � 12). Stimulation of the ventral funiculus produced
IPSPs in the presence of 2-amino-5-phosphonovaleric acid (AP5, 50
�M) and 6-cyano-7 nitroquin-oxaline-2,3-dione (CNQX, 10 �M).
IPSPs were recorded at various holding potentials (500-ms-long
current pulses). The input resistance of MNs was measured by
injecting moderate (0.2–0.5 nA) hyperpolarizing current pulses. The
values of membrane potentials were measured at the peak of GABA/
glycine-mediated PSPs. The positive (depolarizing IPSP) and negative
(hyperpolarizing IPSP) differences between these values and the
holding potential were calculated and then plotted against holding
potentials. At least 20 values were collected for each MN. The EIPSP

was given by the intercept of the regression line with the x-axis
(Graphpad Prism 5 Software).

Extracellular recordings. Monopolar stainless steel electrodes
placed in contact with the roots and insulated with Vaseline were used
to record DR reflexes (DRR) evoked in the L4 DR by stimulation of
the ipsilateral L5 DR. We delivered 30 supramaximal electrical
stimuli (0.3-ms duration; 0.03 Hz) to DR before and after application
of ESs (DL-BHB, lactate). Signals were amplified, filtered (AC-
coupled amplifiers; bandwidth 70 Hz to 1 kHz), and digitized (Digi-
data 1200 interface, pClamp 9 software, Axon Instruments; sampling
frequency of 1 kHz).

Combination of ES. The following ES solutions were used: Glu-
cose/DL-BHB, Glucose/Lactate, and Glucose/Pyruvate. In all combi-
nations, ESs were used at the following concentrations (in mM): 5
Glucose, 4 DL-BHB, 5 Sodium-L-Lactate, and 5 Sodium-Pyruvate (see
Materials and Methods section of Holmgren et al. 2010). In each exper-
iment, the effects of the ESs were considered at least 40 min after the
onset of their application in the bath. To block NKCC1 we used
bumetanide (20 �M), applied for 20–30 min in enriched solution. Bumet-
anide effect was considered 20 min after the onset of drug application.

Data analysis. The number and the areas of spontaneous bursts
were counted by using a software voltage discriminator and a peak
detector (pClamp9 software). DR recordings were rectified and inte-
grated. Results are presented in the form of mean � SE. The statistical
tests used are given in the text and figures legends (Graphpad Prism
5 software, San Diego, CA).

Pharmacology. DL-�-Hydroxybutyric acid sodium salt (DL-BHB),
Sodium-L-Lactate, Sodium-Pyruvate, Sodium Propionate, and Bumet-
anide were obtained from Sigma (St. Louis, MO).

Fig. 1. Supplementing artificial cerebrospinal fluid (ACSF) with additional energy substrates (DL-BHB, L-lactate, and physiologic concentrations of pyruvate)
does not affect EGABA/Gly and input resistance of lumbar MNs in vitro (P0–P5 rats). A: IPSPs evoked by electrical stimulation of ventral funiculus (vertical
arrows) at different holding potentials in MNs from P4 rat in control condition (left) and after supplementing ACSF with DL-BHB (4 mM; middle graph). Resting
membrane potential (arrowheads) was similar in both conditions (�71.6 vs. �71.8 mV for left and middle panels, respectively). Right panel demonstrates the
amplitude of IPSPs as a function of holding potential. Reversal potential of GABA/glycine synaptic responses (EGABA/Gly) was quite similar in both conditions
(�70.32 vs. �70.7 mV in control and DL-BHB conditions, respectively) (correlation coefficients: 0.99 for both regression lines). B, C: the reversal potential of
GABA/glycine synaptic responses (EGABA/Gly) and the resting membrane potential (Vrest) are not altered in the presence of DL-BHB (4 mM, n � 17) or lactate
(5 mM, n � 12) compared with control (n � 35; P � 0.05, one-way ANOVA with Tukey posttest). D: mean EGABA/Gly is below Vrest in control, DL-BHB, and
lactate conditions. No significant difference is observed between these three conditions (P � 0.05). Same statistical analysis and number of MNs as in B and
C. E: percentage of MNs exhibiting depolarizing (gray bar) and hyperpolarizing (white bar) IPSPs at Vrest at P0–P5. F: mean amplitude of depolarizing IPSPs
in MNs, which exhibit an EGABA/Gly above Vrest (P � 0.05, Kruskal–Wallis analysis, Dunn posttest). G: input resistance in the three recording conditions (P �
0.05, Kruskal–Wallis analysis, Dunn posttest). H: EIPSP is significantly more hyperpolarized in the presence of high concentrations of pyruvate (5 mM; P � 0.05,
one-way ANOVA with Tukey posttest) but not altered by physiologic concentrations of pyruvate (0.15 mM). I: EGABA/Gly is above Vrest in control and in the
presence of pyruvate (0.15 mM) but below Vrest under 5 mM of pyruvate. ns, P � 0.05; *P � 0.05; one-way ANOVA with Tukey posttest. J: the two
concentrations of pyruvate used (0.15 and 5 mM, respectively) did not affect the input resistance of lumbar MNs (P � 0.05, one-way ANOVA with Tukey
posttest).
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RESULTS

Supplementing the artificial CSF with DL-�-hydroxybutirate,
L-lactate, and pyruvate does not alter the reversal potential of
GABA/glycine synaptic responses. We examined the effects of
DL-BHB (4 mM), L-lactate (5 mM), and pyruvate (5 mM) on
the reversal potential of IPSPs evoked in lumbar MNs in
response to ventral funiculus stimuli. The concentrations of
ESs chosen in these experiments were identical to those shown
to alter the polarity of GABAergic responses in neocortical and
hippocampal neurons (Holmgren et al. 2010; Rheims et al.

2009). The IPSPs evoked in MNs by ventral funiculus stimuli
are mediated by GABA and glycine (Jean-Xavier et al. 2006),
and their reversal potential is referred to as EGABA/Gly. They
were recorded after blocking excitatory amino acid transmis-
sion using N-methyl-D-aspartate (NMDA) and non-NMDA
receptor antagonists (AP5, 50 �M and CNQX, 10 �M, respec-
tively). Changing the membrane potential by means of depo-
larizing or hyperpolarizing current steps altered the amplitude
of the IPSPs (Fig. 1A). Initially, EGABA/Gly was measured in the
presence of standard glucose-based ACSF. The latter was then
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supplemented with either DL-BHB (4 mM; n � 17) or lactate
(5 mM; n � 12) and EGABA/Gly was determined at least 40 min
after adding the ES to the saline solution. EGABA/Gly and Vrest
of lumbar MNs were not affected significantly by supplemen-
tation of the standard ACSF with DL-BHB or lactate (Fig. 1,
A–C; P � 0.05, one-way ANOVA with Tukey posttest). For
the whole population of recorded MNs from P0 to P5 (data
pooled), EGABA/Gly was on average more hyperpolarized than
Vrest. The driving force (EGABA/Gly � Vrest) was calculated for
the three experimental conditions. The corresponding driving
forces were not significantly different (Fig. 1D; P � 0.05,
one-way ANOVA, Tukey posttest). The proportion of lumbar
MNs displaying depolarizing IPSPs (positive driving force
values) was similar in the three ES conditions (�40%; Fig. 1E;
control: n � 17, DL-BHB: n � 7, lactate: n � 8). In addition,
the amplitude of the depolarizing IPSP was not affected by
either DL-BHB or lactate, compared with glucose only (Fig.
1F; P � 0.05, Kruskal–Wallis analysis, Dunn posttest). These
results indicate that supplementing ES to the ACSF, did not
alter the polarity of depolarizing IPSPs. In some experiments
K-Cl was added to the microelectrode solution to increase
[Cl�]i. DL-BHB had no effect, compared with glucose only, on
EGABA/Gly (control: �58.68 � 0.48 mV; DL-BHB: �58.41 �
0.58 mV; P � 0.05; Wilcoxon test; n � 4; not shown) and the
driving force (2.37 � 0.85 and 2.13 � 1.08 mV, respectively).
Both the amplitude and the duration measured at 50% of the
peak amplitude of the GABA- and glycine-mediated postsyn-
aptic depolarizations were unaffected by the supplementation
of DL-BHB to ACSF (P � 0.05; Wilcoxon test; n � 5; not
shown).

We assessed the effect of ES on the input resistance (Rin) of
lumbar MNs. The values of Rin in the presence of DL-BHB and
lactate were not significantly different from those in glucose
only (P � 0.05, Kruskal–Wallis, Dunn posttest, Fig. 1G).

Earlier studies on the effect of ES on brain slices were
performed at 32–34°C (Holmgren et al. 2010; Rheims et al.
2009), whereas the present experiments were done at room
temperature. It was therefore important to test whether lactate
affects EGABA/Gly when raising the temperature. The results
revealed that EGABA/Gly values in control (�69.19 � 0.40 mV,
n � 3) were not significantly different from those in the
presence of lactate (�69.84 � 1.24 mV, n � 4) at 28.5°C (P0;
P � 0.05, Mann–Whitney test; not shown).

Pyruvate (5 mM) shifted EGABA/Gly toward more hyperpo-
larized values by approximately 5 mV (Fig. 1H; P0–P1; P �
0.05, one-way ANOVA, Tukey posttest). However, the con-
centrations of pyruvate in the plasma and the brain are much
lower (0.08–0.15 mM; for a recent review, see Ben-Ari et al.
2011) than the concentrations used in earlier studies (Holmgren
et al. 2010; Rheims et al. 2009). At physiologic concentrations
pyruvate (150 �M) did not affect EGABA/Gly (Fig. 1H; P �
0.05, one-way ANOVA, Tukey posttest). EGABA/Gly was below
Vrest (�3.58 � 1.63 mV, n � 6) at 5 mM pyruvate, whereas it
was above Vrest in control and under 150 �M pyruvate (Fig. 1I;
0.54 � 1.21 mV, n � 7 and 0.87 � 0.36 mV, n � 6,
respectively; P � 0.05, one-way ANOVA, Tukey posttest).
The two concentrations of pyruvate did not affect Rin (P �
0.05, Kruskal–Wallis, Dunn posttest, Fig. 1J). The nonmetabo-
lized weak acid propionate (5 mM) induced a negative shift of
EGABA/gly (� �4.5 mV; Fig. 2, A and B; P � 0.01, paired
t-test, n � 5) in immature MNs similar to what pyruvate (5

mM) did. Therefore, the hyperpolarizing shifts in EGABA/Gly

are independent of the nature of the weak acid (i.e., irrespective
of whether metabolized) added to the ACSF.

Supplementing the ACSF with additional ES does not alter
GABAA receptor-mediated DR activities. Activation of GABAA

receptors of intraspinal primary afferent terminals leads to a
depolarization (Alvarez-Leefmans et al. 1998; Rudomin 1990;
Rudomin et al. 1993), which may be large enough to reach
firing threshold and evoke action potentials that are conducted
antidromically (Fig. 3A). Bursts of antidromic action potentials
can be evoked in DR by stimulation of neighboring DR (Fig. 3,
B1 and B2). These antidromic action potentials are the “dorsal
root reflex” (DRRs) (Barron and Matthews 1938; Toennies
1938; for reviews, see Kerkut and Bagust 1995; Willis 1999).
To determine whether complementing glucose in standard
ACSF with different ESs (DL-BHB, lactate) affects the depo-
larizing action of GABA on primary afferents, we recorded
DRRs in vitro from newborn rats (P1–P3) in the presence of
DL-BHB (4 mM; Fig. 3B1) or lactate (5 mM; Fig. 3B2) for at
least 40 min. Supplementing these ES to the glucose-contain-
ing ACSF did not alter DRRs (Fig. 3, C1 and C2; P � 0.05,
Wilcoxon test, n � 4 for both ESs). Bumetanide, which
specifically blocks NKCC1 at low concentrations (�100 �M;
Payne et al. 2003), significantly reduced the DRR in the
presence of DL-BHB (Fig. 3D1; P � 0.05, paired t-test, n � 4)
or lactate (Fig. 3D2, P � 0.001, paired t-test, n � 4), thereby
confirming the excitatory actions of GABA.

Fig. 2. Hyperpolarizing shift of EGABA/Gly induced by propionate. A: EGABA/Gly

is significantly more hyperpolarized in the presence of the weak acid propi-
onate (5 mM, n � 5, P3–P4) compared with control (n � 5; P � 0.01, paired
t-test). B: mean EGABA/Gly shifts from above to below Vrest under 5 mM of
propionate (n � 5; P � 0.05, paired t-test).
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Spontaneous activity recorded from lumbar DRs consists of
bursts of action potentials separated by silent periods (Fig. 4A,
rectified traces). DR discharges are mediated by activation of
GABAA receptors (Bos et al. 2011; Fellippa-Marques et al.
2000). The two ESs DL-BHB (n � 4) and lactate (n � 4)
altered neither the bursts (area: Fig. 4B1; amplitude and dura-
tion, not shown) normalized to control (P � 0.05, Wilcoxon
test), nor the frequency of bursts (Fig. 4B2; P � 0.05, one-way
ANOVA, Tukey posttest). As shown in Fig. 4, B2 and C),
bumetanide (20 �M) significantly reduced the occurrence of
spontaneous discharges both in control ACSF (not shown, P �
0.01, Wilcoxon test, n � 8; see also Bos et al. 2011) and in the
presence of DL-BHB (Fig. 4, B2, top and C, P � 0.05,
one-way ANOVA, Tukey posttest, n � 4) or lactate (Fig. 4B2,
bottom, P � 0.001, one-way ANOVA, Tukey posttest, n � 4).
Surprisingly, when we monitored spontaneous activities with
high nonphysiologic concentrations of pyruvate (5 mM, in
addition to DL-BHB, 4 mM; lactate, 5 mM) there was a
significant decrease in burst frequency (Fig. 4D; P � 0.05, one
way ANOVA, Tukey posttest). These changes were reversible
in normal ACSF and subsequent application of pyruvate (0.15
mM) at physiologic concentrations had no significant effect on
burst frequency compared with control condition. Adding bu-
metanide to the ES-enriched ACSF significantly decreased

burst frequency (Fig. 4D; P � 0.01, one-way ANOVA, Tukey
posttest).

DISCUSSION

Chloride homeostasis in MNs and primary afferent terminals
is determined by KCC2 and NKCC1, two chloride transporters
with opposite functions. We show that responses that depend
on [Cl�]i, which is set primarily by KCC2 in MNs and by
NKCC1 in primary afferents were not affected by adding
DL-BHB or lactate to the glucose-containing ACSF. Matura-
tion of inhibitory synaptic transmission in the rat spinal cord
occurs during the perinatal period (Gao and Ziskind-Conhaim
1995; Jean-Xavier et al. 2006; Stil et al. 2009; Wu et al. 1992).
If we consider the whole population of lumbar MNs, the shift
of IPSPs from depolarizing to hyperpolarizing occurs during
the first postnatal week in the rat (Jean-Xavier et al. 2006; Stil
et al. 2009; Vinay and Jean-Xavier 2008). This, by no means,
implies that all IPSPs are depolarizing at birth and hyperpo-
larizing 5–7 days later. This shift may be cell-specific and
depends on the function of MNs (extensor vs. flexor, innervat-
ing proximal vs. distal muscles) as, for instance, the maturation
of extensor MNs lags behind that of flexor MNs (Vinay et al.
2000a,b). Neither the mean EGABA/Gly, nor the proportion of
MNs displaying depolarizing PSPs or the amplitude of depo-

Fig. 3. DL-BHB and lactate do not alter GABAA receptor–mediated dorsal root reflexes (DRR). A: schematic drawing that describes the circuitry eliciting DRR
(SC, spinal cord; DR, dorsal roots; MN, motoneuron; PAD, primary afferent depolarization). B1–B2: bursts of antidromic action potentials evoked in the L4
dorsal root (DR) following stimulation of the neighboring DR (L5). C1–C2: mean area of the DRR (rectified traces) at P1–P3. Data are normalized to control
conditions before supplementing glucose with DL-BHB (C1, 4 mM, n � 4) or lactate (C2, 5 mM, n � 4). Following 40 min of bath application, none of the
supplemented energy substrates altered DRR compared with control condition (P � 0.05, paired t-test). D1–D2: bursts of antidromic action potentials after
applying the NKCC1 blocker bumetanide (20 �M) in the presence of DL-BHB (4 mM; left trace) and lactate (5 mM; right trace).
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larizing IPSPs was affected by DL-BHB or lactate. It may be
argued that EGABA/Gly was close to Vrest at the studied postnatal
ages and thus it was more difficult to demonstrate a hyperpo-
larizing effect of adding ES to the ACSF. It should be men-
tioned that DL-BHB was shown by Zilberter and colleagues to
hyperpolarize EGABA by as much as approximately 20 mV,
even when EGABA was quite hyperpolarized (� �70 mV) in
control conditions (see Fig. 1d in Holmgren et al. 2010).

Maturation of inhibitory synaptic transmission occurs in a
time window during which KCC2 expression is markedly
increased (Jean-Xavier et al. 2006; Stil et al. 2009, 2011) and
there is a tight relationship between EGABA/Gly in MNs and the
functionality of KCC2 as demonstrated by the following ex-
periments. The EIPSP is significantly more depolarized 1) in
KCC2 knock-out mice (Hübner et al. 2001; Stil et al. 2011);
2) after spinal cord injury, which down-regulates KCC2 (Bou-
lenguez et al. 2010); and 3) following pharmacologic blockade
of KCC2 (Boulenguez et al. 2010; Jean-Xavier et al. 2006). In
the present experiments, the lack of effects of ES on EGABA/Gly

suggests that these weak acids do not affect the function of
KCC2 in MNs.

In contrast to MNs, neurons in the dorsal root ganglion
express NKCC1 (Plotkin et al. 1997; Sung et al. 2000) but not
KCC2 (Kanaka et al. 2001). The lack of KCC2 expression and
the presence of NKCC1 in rat primary sensory neurons ex-
plains the higher than electrochemical equilibrium [Cl�]i of
approximately �44 mM, measured in these cells (Rocha-
Gonzalez et al. 2008). The outward Cl� gradient maintained by
NKCC1 is responsible for GABA-induced primary afferent
depolarization (PAD; Alvarez-Leefmans et al. 1988, 2001;
Rocha-Gonzalez et al. 2008). PAD is associated with presyn-
aptic inhibition in the spinal cord (Alvarez-Leefmans et al.
1998; Rudomin 1990; Rudomin et al. 1993). GABA, through
the activation of GABAA receptors, plays a major role in the
generation of PAD. When PAD is large enough to reach firing
threshold, it triggers DR discharges that are antidromically
conducted toward the periphery, the DRRs (Willis 1999). The
present experiments showing that DR discharges are signifi-

Fig. 4. GABAA receptor–mediated spontaneous DR bursting is not influenced by DL-BHB, lactate, and pyruvate at early postnatal stages in vitro (P1–P3 rats).
A: spontaneous activities (rectified traces) in L4 DR of a newborn rat (P2) before and 47 min after adding DL-BHB (4 mM) to the ACSF. Bottom traces are
enlargements of top traces. B1: DL-BHB (top) and lactate (bottom) do not alter the areas of spontaneously occurring bursts (rectified traces; P � 0.05, Wilcoxon
test, n � 4 in both conditions) B2: frequencies of spontaneous bursting in DR before and during the application of bumetanide in the presence of DL-BHB (top,
4 mM, n � 4) or lactate (bottom, 5 mM, n � 4). C: effects of the NKCC1 blocker bumetanide (20 �M) on spontaneous bursting in L4 DR (same experiment
as in A) in the presence of DL-BHB. D: adding high nonphysiologic concentrations of ES to ACSF (DL-BHB, 4 mM; lactate, 5 mM; pyruvate, 5 mM)
significantly decreased burst frequencies (P � 0.05, one-way ANOVA with Tukey posttest, n � 3), whereas physiologic concentrations (DL-BHB, 2 mM; lactate,
1.5 mM; and pyruvate, 0.15 mM) had no effect. Then, application of bumetanide at 20 �M to the solution enriched with physiologic concentrations, significantly
decreased bursts frequencies (P � 0.01, one-way ANOVA with Tukey posttest, n � 3). A partial recovery was observed approximately 40 min after returning
to control ACSF.
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cantly reduced in the presence of low concentrations of bumet-
anide (20 �M) are consistent with the notion that NKCC1
cotransporters play a key role in maintaining a higher than
equilibrium [Cl�]i in primary afferent terminals and in the
subsequent GABAA receptor-mediated PAD (see also Bos et
al. 2011). The fact that residual DR discharges persist in the
presence of bumetanide indicates that either the concentration
used was not sufficient to block all NKCC1 cotransporters or
that another Cl� uptake mechanism (e.g., anion exchanger)
might be involved. Both electrically evoked and spontaneously
occurring DR discharges were unchanged in the presence of
ES-enriched solutions.

An important question that arises when considering in vitro
experiments is whether a similar phenomenon has been ob-
served in vivo. To the best of our knowledge, a depolarizing
action of GABA/glycine on immature MNs has not yet been
demonstrated in rodents. However, experiments on chick em-
bryos showed that blockade of GABAA receptors by injection
of gabazine or bicuculline in ovo blocks embryonic move-
ments, suggesting that GABAergic currents appear to be de-
polarizing in the spinal cord of chick embryos (Wilhelm and
Wenner 2008), which also uses KBs (Linares et al. 1993).
Similarly, numerous data have shown a depolarizing action of
GABA on primary afferent terminals and the existence of
antidromic discharges in adult animals in vivo (e.g., Belooz-
erova and Rossignol 1999, 2004; Dubuc et al. 1985, 1988;
Duenas et al. 1990; Pilyavskii et al. 1988; for review, see
Willis 1999). Therefore, the depolarizing action of both
GABA/glycine on MNs and GABA on primary afferent ter-
minals are not an artifact related to in vitro conditions.

In contrast to DL-BHB and lactate, pyruvate at the concen-
tration used in earlier studies (5 mM; Holmgren et al. 2010;
Rheims et al. 2009) affected both EIPSP and the DR discharges.
However, the concentration of pyruvate in the whole brain of
rat pups is 0.08–0.09 mM (Ben-Ari et al. 2011). Our experi-
ments showed that pyruvate, at a more physiologic concentra-
tion (0.15 mM), has no effect on EIPSP and DR discharges. The
mechanisms by which a high nonphysiologic concentration of
pyruvate hyperpolarizes EGABA/Gly are unclear. An intracellu-
lar acidification activating a putative Na�-driven anion ex-
changer (extruding Cl�) might be involved. That would shift
ECl to more hyperpolarized values. A similar mechanism may
underlie the hyperpolarizing shift of EGABA/Gly induced by the
nonmetabolized weak acid propionate. However, Mukhtarov et
al. (2011) showed that intracellular acidification by HCO3

�-free
solution has no effect on GDPs frequency. An alternative
mechanism would be that these weak acids cross the cell
membrane and produce cell swelling; they are osmotically
active particles that trigger water influx, resulting in dilution of
intracellular ions. The latter could result in a decrease in [Cl�]i,
which could shift ECl to more negative values. That weak acids
cause cell swelling has been demonstrated for both glial cells
(Ringel et al. 2000) and neurons (Alvarez-Leefmans et al.
2006).

The lack of effects of ES on the depolarizing actions of
GABA shown in the present study is further supported by
recent reports that also reinvestigated the relationship between
GABA actions and ES in vitro (Kirmse et al. 2010; Tyzio et al.
2011; Waddell et al. 2011). By means of a complementary set
of minimally invasive optical and electrophysiologic tech-
niques, GABA was shown to depolarize immature cells of the

upper cortical plate in the presence of DL-BHB (Kirmse et al.
2010). Similarly, using a wide range of techniques that include
extracellular field potential, cell-attached single-channel, per-
forated patch-clamp recordings and calcium imaging it was
recently reported that neither DL-BHB nor physiologic con-
centrations of pyruvate alter GABA actions on rat neocortical
and hippocampal neurons or spontaneous network dynamics
(Tyzio et al. 2011). Only very high nonphysiologic concentra-
tions of pyruvate were able to alter GABA signaling. In
addition, the depolarizing action of GABA on immature retinal
neurons is not prevented by addition of pyruvate (Barkis et al.
2010). Finally, supplementing the standard physiologic solu-
tion with L-lactate does not produce a change in mitochondrial
membrane potential (Ruusuvuori et al. 2010), in contrast with
the suggestion that the metabolic state of mitochondria might
be the locus of action of the additional (nonglucose) substrates
(Holmgren et al. 2010; Rheims et al. 2009; Zilberter et al.
2010).

We conclude that supplementing ACSF with ESs other than
glucose (DL-BHB, L-lactate, and physiologic concentrations of
pyruvate) does not affect EGABA/Gly or the depolarizing action
of GABA on primary afferent terminals. Standard glucose
concentration (10 mM) appears to be an adequate ES for
neonatal spinal cord in vitro.
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