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a b s t r a c t
Using whole-cell patch clamp recording on medial prefrontal cortical slices of rats aged 17–33 postnatal
days, we demonstrated the glycine-induced strychnine-sensitive outward currents. The amplitude of the
peak current increased with the concentrations of glycine with an EC50 of 74.7 lM. Application of 1 lM
strychnine alone to cells caused a slight inward current without blocking the sIPSCs, indicating that GlyRs
in the mPFC are activated by an endogenous ligand that can be released tonically. Glycine reversibly
depressed ﬁring rate in cells from both layer 6 and layer 3, with signiﬁcantly greater inhibition on the
former than the latter (EC50 12.9 vs 85.6 lM). Glycine hyperpolarized membrane potential in cells of both
layer 6 and layer 3 depending on its concentrations, with an IC50 of 99.1 and 207.2 lM, respectively. We
propose that GlyRs participate in a novel inhibitory mechanism in mPFC, modulating neuronal activity.
This ﬁnding further supports an important role of GlyR in cortical function and dysfunction.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
Emerging information indicates that GlyRs are not restricted to
the spinal cord and the brain stem, but are distributed more extensively in the CNS, including many forebrain areas [1–3]. An extensive study of glycine-IR in rats reports that glycine-containing cells
are also present in the upper brainstem and the forebrain [4,5].
Functional GlyRs have also been found in other brain areas such
as cortex [6,7]. The last few years have seen a surge in interest in
the GlyRs in the upper brain areas [8–10]. Consequently, a wealthy
of information has recently emerged concerning the properties and
the role of the GlyRs located outside of the spinal cord and brain
stem [1,7,11].
The medial prefrontal cortex (mPFC) is critically involved in
many higher brain functions [12,13], it is an important part of
the reward circuit in the rat brain, with strong reciprocal interactions with the ventral tegmental area (VTA) and nucleus accumbens [14–16]. Most receptor researches of mPFC were forced on
N-methyl-D-aspartate (NMDA) receptor [17–19].
In the present study, we used patch-clamp electrophysiology to
provide evidence that both layer 6 and layer 3 mPFC neurons
express functional GlyRs. Futhermore, layer 6 cells are more sensitive to glycine inhibition. Our ﬁndings indicate that GlyRs are
expressed by neurons in mPFC, especially of layer 6 neurons, and
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their activation provides an important inhibitory function that is
required to maintain the normal excitatory balance for proper
function of mPFC.
2. Materials and methods
2.1. Slice preparation
The medial PFC was prepared as described previously by Liu
et al. [20]. Rats were anesthetized with ketamine/xylazine and
then sacriﬁced by decapitation. The medial PFC was identiﬁed
according to the stereotaxic coordinates [21]. Coronal midbrain
slices (250 lm thick) were cut using a VF-300 slicer (Precisionary
Instruments Inc., Greenville, NC) in ice-cold glycerol-based artiﬁcial cerebrospinal ﬂuid (GACSF) containing (in mM): 250 glycerol,
1.6 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 25 NaHCO3, and 11 glucose, and saturated with 95%O2/5%CO2 (carbogen). Two slices per
animal were allowed to recover for at least 1 h in a holding chamber at room temperature (22–24 °C) in carbogen-saturated regular
artiﬁcial cerebrospinal ﬂuid (ACSF), which has the same composition as GACSF, except that glycerol was replaced by 125 mM NaCl.
2.2. Electrophysiological recordings
Electrical signals were obtained in whole-cell patch clamp conﬁgurations with an Axon 700B ampliﬁer (Molecular Devices Co.,
Union City, CA, USA), a Digidata 1440A A/D converter (Molecular
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Devices Co.) and pCLAMP 10.2 software (Molecular Devices Co.).
Data were ﬁltered at 1 kHz and sampled at 5 kHz. The patch electrodes had a resistance of 4–6 M when ﬁlled with the pipette solution containing (in mM): 135 K gluconate, 5 KCl, 2 MgCl2, 10
HEPES, 2 Mg ATP, 0.2 GTP. The pH was adjusted to 7.2 with Tris
base. A single slice was transferred to a 0.4 ml recording chamber,
where it was held down by a platinum ring. Layers 6 or 3 medial
PFC pyramidal neurons were identiﬁed under visual guidance
using infrared-differential interference contrast (IR–DIC) video
microscopy with a 40 water immersion objective. The image
was detected with an IR-sensitive CCD camera and displayed on
a monitor. Throughout the experiments, the bath was continually
perfused with carbogenated ACSF (1.5–2.0 ml/min).

2.3. Chemicals and applications
The chemicals, including glycine, strychnine and other standard
chemicals were purchased from Sigma–Aldrich Chemical Company
(St. Louis, MO, USA).

2.4. Data analysis
Average values are expressed as the mean ± SEM, with n equal
to the number of cells studied. Statistical signiﬁcance of results
was assessed using Student’s t-test. Statistical analysis of concentration–response data was performed using the nonlinear curveﬁtting program ALLFIT [22], which uses an ANOVA procedure. Values reported for concentration–response analysis are those
obtained by ﬁtting the data to the equation:

Y ¼ Emax =½1 þ ðEC50 =XÞn 
where X and Y are concentration and response, respectively, Emax is
the maximal response, EC50 is the concentration yielding 50 percent
of maximal effect (EC50 for activation, IC50 for inhibition), and n is
the Hill coefﬁcient.

3. Results
3.1. Glycine induced strychnine-sensitive outward currents in mPFC
neurons
To characterize the role of GlyRs in regulating the function of
mPFC neurons, we recorded whole-cell currents from mPFC neurons in slices of rats aged 17– 33 postnatal days. The application
of glycine (3–1000 lM) slightly decrease sIPSCs frequency and
has no signiﬁcant effect on the amplitude (data not shown). Under
voltage-clamp, bath-applied glycine (3–1000 lM) induced outward currents at a holding potential of 0 mV (Fig. 1A). The amplitude of the peak current increased with the concentrations of
glycine. A ﬁt of the dose–response curve to the ALLFIT equation
(see method for details) obtained an EC50 of 74.7 ± 8.3 lM and Hill
coefﬁcient of 1.4 (n = 7; Fig. 1B).
The current-elicited by glycine was sensitive strychnine, a GlyR
antagonist. Strychnine (1 lM and 10 lM) attenuated the peak
amplitude of glycine-induce current to 32.7% and 2.5%, respectively (control, 147 ± 32 pA; 1 lM strychnine, 48 ± 7 pA, p < 0.05;
10 lM strychnine, 4 ± 2 pA, p < 0.01; Fig. 1A(b)).
As the Fig. 1C shows, application of 1 lM strychnine alone to
cells displaying spontaneous IPSCs caused a slight inward current
without blocking the sIPSCs, indicating that GlyRs in the mPFC
are activated by an endogenous ligand that can be released
tonically.

Fig. 1. Glycine induced outward currents recorded in mPFC neurons. (A) (a) Records
are current induced by 300 lM glycine and its inhibition by 1 lM and 10 lM
strychnine, respectively, from a single neuron in slice from a P17 rat. (b) Bar graph
showing inhibition by 1 lM and 10 lM strychnine, respectively, of current
activated by 300 lM glycine. The percentage inhibition of glycine-activated current
by strychnine were signiﬁcantly different (⁄p < 0.05 and ⁄⁄p < 0.01, respectively for
strychnine versus prestrychnine). (B) Concentration–response curves of glycineinduced current for the layer 6 mPFC neurons. Each point is the average of 6–11
cells; error bars not visible are smaller than the size of the symbols. The curve
shown is the best ﬁt of the data to the equation described in Materials and methods.
Fitting the data to this equation yielded the EC50 value of 74.7 ± 8.3 lM and the Hill
coefﬁcient of 1.4. (C) Application of 1 lM strychnine alone to a neuron in a brain
slice of a P21 rat produced a slight inward current without blocking the sIPSCs.

3.2. Glycine inhibits more potently the activity of layer 6 neurons than
layer 3 ones in the mPFC
The activity of mPFC neurons was recorded from both layer 6
and layer 3 under current-clamp conditions. The average resting
potential (RP) of mPFC neurons is – 59.3 ± 1.2 mV (between 50
and 78 mV, n = 37), and only 3 of 82 cells tested had spontaneous
ﬁrings under these conditions. Therefore, we applied a constant
depolarizing current (50–100 pA), which depolarized the membrane potentials by 8–18 mV and induced ﬁrings. When ﬁrings
reached a relatively stable level, glycine was bath-applied for
4 min, and then washout. Glycine reversibly depressed ﬁring rate
in cells from both layer 6 and layer 3, but glycine had signiﬁcantly
greater inhibition on the former than the latter. Speciﬁcally, 30 lM
glycine suppressed the ﬁring rate by 59.3% (n = 6) of layer 6
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neurons, which was signiﬁcantly greater than 29.6% (n = 5) of layer
3 neurons (Fig. 2A). The ﬁt to the dose–response curves obtained
an EC50 of 12.9 ± 1.5 lM and Hill coefﬁcient of 0.6 for layer 6 cells,
and an EC50 of 85.6 ± 7.9 lM and Hill coefﬁcient of 0.8 for layer 3
cells, respectively (p < 0.01, Fig. 2B).
3.3. Glycine hyperpolarizing membrane potential in cells of both layer
6 and layer 3
As illustrated in Fig. 3, bath-applied glycine (1000 lM) reduced
the ﬁring rate and induced membrane hyperpolarization. On average, 1000 lM glycine reduced the ﬁring rates from 5.2 ± 1.2 to 0 Hz
in 100% (7 of 7) of layer 6 neurons and from 4.5 ± 1.1 to 0 Hz in 67%
(6 of 9) of layer 3 ones, respectively. In addition, 1000 lM glycine
induced membrane hyperpolarization of 9.6 ± 1.3 mV (n = 5) of
layer 6 cells and of 9.0 ± 1.6 mV (n = 5) of layer 3 cells, respectively.
Glycine-induced hyperpolarization depended on its concentrations
with an IC50 of 99.1 ± 5.8 lM and Hill coefﬁcient of 1.1 for layer 6

Fig. 3. Glycine-induced membrane hyperpolarizatio on mPFC neurons. (A) Glycine
stops the ﬁring of action potentials and causes membrane hyperpolarization in both
layer 6 and layer 3 cells, recorded from current-clamped mPFC neurons in slices
from a P27 (a) and a P30 (b) rat, respectively. (B) Glycine produces concentrationdependent membrane hyperpolarization in layer 6 and layer 3 neurons. Error bars
not visible are smaller than the size of the symbols. Fitting the data to this equation
yielded the IC50 value and the Hill coefﬁcient of 99.1 ± 5.8 lM and 1.1 for the layer
6, and 207.2 ± 11.6 lM and 1.1 for the layer 3 neurons, respectively.

cells, and IC50 of 207.2 ± 11.6 lM and Hill coefﬁcient of 1.1 for layer
3, respectively (p < 0.05, Fig. 3B). In 11 of 78 cells tested, low concentration glycine (630 lM) slightly depolarized (less than
1.2 mV) the cells. Interestingly, this depolarization was associated
with a slightly reduction in ﬁring rate.

4. Discussion

Fig. 2. Neurons in layer 6 of mPFC are more sensitive to glycine inhibition compare
to layer 3. (A) Ongoing ﬁring, recorded from current-clamped mPFC neurons in
slices from a P24 (a) and a P25 (b) rat, respectively, were decreased by 30 lM
glycine. (B) Concentration–response curves of glycine inhibition of sAPs for the
layer 6 (d) and layer 3 (s) mPFC neurons. Each point is the average of 4–10 cells;
error bars not visible are smaller than the size of the symbols. The curve shown is
the best ﬁt of the data to the equation described in Materials and methods. Fitting
the data to this equation yielded the IC50 value and the Hill coefﬁcient of
12.9 ± 1.5 lM and 0.6 for the layer 6, and 85.6 ± 7.9 lM and 0.8 for the layer 3
neurons, respectively.

The strychnine-sensitive GlyR is a ligand-gated anionic channel
that is primarily involved in fast inhibitory synaptic transmission
[8,11]. GlyRs are members of the pentameric Cys-loop receptor
superfamily [23,24]. Two different subunits of GlyR have been
characterized so far, an a subunit (48 kDa) and a b subunit
(58 kDa) [25,26]. GlyRs are formed either from a subunits alone
or from both a and b subunits [27]. Synaptically localized heteromeric GlyR consists of three a and two b subunits, which combine
to form a pentameric receptor complex [1]. GlyRs in many of the
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forebrain areas are not transient and limited to early development
but persist through mature developmental stages [1,28]. The current study show that strychnine-sensitive glycine currents
recorded from layer 6 and layer 3 mPFC neurons of weanling rats,
indicating the expression of glycine-gated chloride channels
(GlyRs) in the mPFC. In addition, our data show clearly that glycine,
via GlyR activation, depresses activity in the mPFC synaptic network, showing that GlyR-mediated inhibition is an alternative
and important mechanism, maybe especially in pathological conditions, such as hyperexcitation, epilepsy, GlyR activation is capable
of controlling the activity of excitatory circuits in mPFC.
A major ﬁnding in our study is that GlyR activation depresses
synaptically generated actional potentials recorded from both layers of mPFC neurons, indicating that these receptors have a general
function to limit activity in mPFC circuits. These receptors, especially in layer 6 mPFC neurons, are likely of fundamental and
extensive importance in the control of neuronal excitability in this
region. In addition, application of 1 lM strychnine alone to cells
displaying spontaneous IPSCs caused a slight outward current
without blocking the sIPSCs, indicating that GlyRs in the mPFC
are activated by an endogenous ligand that can be released tonically. For cortex GlyRs appear to be activated by nonsynaptically
released taurine, suggesting an extrasynaptic location of GlyRs,
thus, tonically active GlyRs are likely to be extrasynaptic [6,28].
Since our study was performed in acutely prepared slice from
P17-P33 rats, our data demonstrate that GlyR expression by mPFC
neurons is not transient and limited to early development but
persistes through mature developmental stages.
In conclusion, we propose that GlyRs participate in a novel
inhibitory mechanism in mPFC, modulating neuronal activity. This
ﬁnding further supports an important role of GlyR in cortical function and dysfunction.
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