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Although functional glycinergic synapses have not been identified in the hippocampus, neurons in this area express Cl � permeable
extrasynaptic glycine receptors (GlyRs). In experiments on CA3 pyramidal neurons on postnatal day 0 – 6 rat hippocampal slices, we
detected robust GlyR activity as a tonic current and as single-channel events. Glycine release was independent of neuronal activity or
extracellular Ca 2�. The endogenous GlyR activity was strongly enhanced by inhibition of the glycine-transporter-1 (GlyT1). Blockade of
GlyT1 also caused a profound increase in the baseline current induced by exogenous glycine. Inhibition of GlyT1 reduced the frequency
of spontaneous network events known as field giant depolarizing potentials (fGDPs) and of the unit activity in the absence of synaptic
transmission. This inhibitory action on fGDPs was mimicked by applying 2 �M glycine or 0.1 �M isoguvacine, a GABAA-receptor agonist.
Furthermore, 2 �M glycine suppressed unit spiking in the absence of synaptic transmission. Hence, despite the well known depolarizing
Cl � equilibrium potential of neonatal hippocampal neurons, physiologically relevant extracellular glycine concentrations can exert an
inhibitory action. The present data show that, akin to GABA uptake, GlyT1 exerts a powerful modulatory action on network events in the
newborn hippocampus.
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Introduction
The hippocampus is devoid of functional glycinergic synapses,
but strychnine-sensitive anion-permeable glycine receptors
(GlyRs) have been firmly identified and characterized in hip-
pocampal neurons (Ito and Cherubini, 1991; Fatima-Shad and
Barry, 1992; Chattipakorn and McMahon, 2002; Mori et al.,
2002; Lynch, 2004; Betz and Laube, 2006; Song et al., 2006;
Eichler et al., 2008;Keck et al., 2008; Xu and Gong, 2010). The
importance of glycine-mediated neuronal signaling mechanisms
becomes particularly salient under conditions that disrupt them,
such as glycine encephalopathy (Korman and Gutman, 2002)
and genetic knock-out of glycine transporters (Betz et al., 2006).
Nevertheless, little is known about the roles of this major trans-
mitter in the regulation of neuronal activity in the immature
brain.

A powerful tonic activation of GABAA receptors (GABAARs)
commences before the development of functional synapses in the
hippocampus (Valeyev et al., 1993; Owens et al., 1999; Demarque
et al., 2002). The tonic GABA current is regulated by GABA trans-
port (Marchionni et al., 2007; Sipilä et al., 2007). It modulates the
gain of neuronal signaling and plays an important role in regu-
lating network excitability (Semyanov et al., 2004; Farrant and
Nusser, 2005; Brickley and Mody, 2012). Based on work in hip-
pocampal organotypic slice cultures, taurine and �-alanine have
been proposed to be endogenous agonists of GlyRs (Mori et al.,
2002) and there is evidence for this role for taurine and glycine in
the immature neocortex and spinal cord, respectively (Flint et al.,
1998; Scain et al., 2010). Glycine-transporter-1 (GlyT1) regulates
the extracellular concentration of glycine and is the main trans-
port mechanism in the forebrain (Zafra et al., 1995; Gomeza et al.,
2003). Interestingly, glycine is a co-agonist at NMDARs (Johnson
and Ascher, 1987), thus both GlyRs and NMDARs can be subject
to modulation by GlyT1 (Gomeza et al., 2003; Eulenburg et al.,
2005; Zhang et al., 2008). However, it is not known whether
endogenous activation of GlyRs and glycine transport via GlyT1
occurs in the immature hippocampus.

The neonatal hippocampus generates spontaneous network
events known as giant depolarizing potentials (GDPs) in vitro and
sharp wave-associated population bursts in vivo (Ben-Ari et al.,
1989; Leinekugel et al., 2002; Mohns and Blumberg, 2008). De-
polarizing GABAergic transmission promotes GDPs (Ben-Ari et
al., 2007). Notably, GDPs are suppressed by NMDAR antagonists
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(Bolea et al., 1999) and the ability of glycine to promote GDP
occurrence has been attributed to the glycine binding site of pre-
synaptic NMDARs on GABAergic interneurons (Gaiarsa et al.,
1990).

We studied the role of GlyRs in the regulation of spontaneous
unit and network activity in neonatal rat hippocampal slices. Our
data demonstrate a robust, endogenously activated tonic GlyR-
mediated conductance that is controlled by GlyT1. Both pharma-
cological inhibition of GlyT1 and application of low (2 �M),
physiologically relevant concentration of glycine (Choi et al.,
1999; Korman and Gutman, 2002) exerted an inhibitory action
on field GDPs and unit activity in the absence of synaptic trans-
mission, despite the depolarizing Cl� driving force at this stage of
hippocampal development (Ben-Ari et al., 2007; Blaesse et al.,
2009).

Materials and Methods
In vitro slice preparation. Postnatal day (P)0 –P6 Wistar rat pups of either
sex were decapitated, and the brains were dissected in ice-cold (0�4°C)
oxygenated (95% O2 and 5% CO2) saline. For electrophysiological re-
cordings, coronal and horizontal brain slices (400 �m) were cut with a
vibrating blade microtome (VT1000S; Leica). The slices were allowed to
recover at least for 1 h at 32°C before use. Individual slices were trans-
ferred into a submersion-type recording chamber perfused with stan-
dard solution (32–33°C), and anchored with platinum wires. The
standard solution contained the following (in mM): 124 NaCl, 4.0 KCl,
2.0 CaCl2, 25 NaHCO3, 1.1 NaH2PO4, 1.3 MgSO4, and 10 D-glucose, pH
7.4, at 32°C. In the 0-Ca 2� solution, CaCl2 was omitted, MgSO4 was
raised to 3.3, and 2 mM EGTA was added.

Electrophysiological recordings. The CA3 pyramidal neurons were visu-
ally identified by infrared video microscopy. An Axopatch 200A or a
HEKA EPC-10 amplifier was used for whole-cell recordings. Patch pi-
pettes had a resistance of 5– 8 M� when filled with the following solution
(in mM): 140 Cs-methanesulfonate (CsMs), 2 MgCl2, and 10 HEPES, pH
7.2, with CsOH. In some recordings, 2 mM EGTA and 5 mM MgATP were
included in the pipette filling solution. The recorded voltage was cor-
rected for a calculated �13 mV liquid junction potential. Assuming a 0.3
permeability ratio of bicarbonate versus Cl �, the calculated and experi-
mentally verified reversal potential of GABAAR-mediated currents is
��70 –75 mV under the present conditions (Sipilä et al., 2005). Field
potential recordings were performed using a custom-made amplifier and
a glass-capillary electrode (tip diameter 5–10 �m) filled with a 150 mM

NaCl solution and placed in the stratum pyramidale of area CA3.
Drugs. 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-

sulfonoamide (NBQX), bicuculline methobromide, 6-imino-3-(4-
methoxyphenyl)-1(6 H)-pyridazinebutanoic acid hydrobromide (SR
95531; gabazine), (1,2,5,6-Tetrahydropyridin-4-yl)methylphosphinic
acid (TPMPA), tetrodotoxin citrate (TTX), N-[3-([1,1-Biphenyl]-4-
yloxy)-3-(4-fluorophenyl)propyl]-N-methylglycine (NFPS) and bumet-
anide were from Tocris Bioscience. Picrotoxin, strychnine hydrochloride,
and EGTA were from Sigma-Aldrich. Glycine was from Merck and Abcam.
D,L-AP-5 and AP-5 were from Tocris Bioscience and Abcam. NBQX was
used at a concentration of 10–50 �M and AP-5 at 20–80 �M. The concen-
trations for the other drugs used are given in Results.

Analyses. Data were low-pass-filtered at 1.6 –5 kHz, digitized at 5–20
kHz via Axon Digidata 1322A and National Instruments PCI-6221
boards and analyzed using Clampfit (Molecular Devices), Strathclyde
Electrophysiology WinEDR (John Dempster, Glasgow), IBM SPSS Sta-
tistic (IBM) and SigmaPlot (Systat Software) programs.

For construction of current–voltage plots, single-channel currents
were detected using WinEDR event detection algorithm with a threshold
set at 8 SD from baseline current amplitude after the raw signals were
low-pass filtered at 100 Hz (Gaussian filter used by WinEDR). The 8 SD
threshold range was 0.5–2.4 pA. The detected events were aligned by the
preceding instantaneous baseline current and all-point histograms com-
puted (Fig. 1E). The histograms had at least two peaks to which Gaussians
were fitted. If multiple peaks were seen, the dominant one and the peak

farthest away from it were chosen for the fit. A possible contribution of
overlapping single-channel conductances was excluded by visual analysis
of the recorded signals. The difference between the mean values of the
fitted Gaussians was used as an estimate of single-channel currents at
various holding potentials for current–voltage plots. Rough estimates for
single-channel conductances were taken as chord conductances within
the �10 to 20 mV voltage range from the current–voltage plots.

The all-point histograms used in the analyses of drug effects on GlyR-
mediated currents were obtained from 10 to 60 s epochs under each
experimental condition. Recording segments containing relatively stable
baselines were chosen for the analyses. However, in some recordings,
slow fluctuations in the baseline current were unavoidable and multiple
�10 s epochs were averaged. In Figures 1D, 2D, and 4A–D, the peak of
each histogram was taken as 0 pA current level to facilitate the compari-
son of effects of different experimental conditions on the positive “tail”
reflecting GlyR-mediated single-channel currents.

Spontaneous GABAergic postsynaptic currents (sGABA-PSCs) are
seen as a positive tail in the all-point histograms. When the tail was seen,
(Fig. 3 B, D), bins with less than half of the maximum amplitude were
excluded from the positive side when fitting the Gaussians.

Unit spikes and field GDPs (fGDPs) were detected from the field po-
tential signal using an amplitude threshold individually chosen for each
recording. Sometimes the terms GDP and fGDP have been used in de-
scribing the network events seen in intracellular and extracellular record-
ing, respectively. We use the term fGDP to specifically refer to the
network events recorded with field-potential electrodes. The duration of
averaged fGDPs was taken as the time between voltages at 10% of the
peak amplitude during event onset and decay.

Bandpass filtering (BP) was used to highlight population events in the
illustrations. Unless otherwise stated, data are presented as mean � SEM;
quantitative comparisons were based on Wilcoxon matched-pair signed
rank test, and p � 0.05 was considered statistically significant.

Results
Endogenous activation of strychnine-sensitive nonsynaptic
GlyRs in neonatal CA3 pyramidal neurons
In voltage-clamp recordings at 0 mV with the low-chloride pi-
pette solution (see Materials and Methods), bicuculline blocked
sGABA-PSCs and reduced the holding current (Sipilä et al.,
2005). However, spontaneous outward current transients could
still be observed in the neonatal CA3 pyramidal neurons within
the entire age range of the present study (P0 –P6). These events
were more readily detectable after low-pass filtering the traces
at 100 Hz in 28 of 31 experiments (Fig. 1A). A closer look at the
events revealed that they were spontaneous openings of single
channels (Fig. 1B) which were also seen in the presence of
another GABAAR antagonist, SR 95531 (3–10 �M; n � 11; not
illustrated).

The spontaneous currents were inhibited by 1 �M strychnine
(Fig. 1C). In all-point histograms, this was seen as a reduction
(94 � 4.8%) of the tail exceeding 2 SD of the Gaussian fits (n � 6,
p � 0.028; Fig. 1D). The peak of the all-point histogram reflecting
the baseline current did not change (0.3 � 0.4 pA; p � 0.42; n �
6) following addition of strychnine. The single-channel currents
were also blocked by 100 �M picrotoxin (n � 6) but they were
seen in all further experiments that were performed in the pres-
ence of the “GABACR” antagonist TPMPA (50 �M; n � 5), the
AMPA/kainate receptor antagonist NBQX (n � 8), and
the NMDAR antagonist AP-5 (n � 8). These data demonstrate
the presence of a robust, endogenous activation of Cl� perme-
able GlyRs in the immature CA3 pyramidal neurons. The input
resistance of P0, P3, P4, and P5 neurons was 1550 � 240 M� (n �
6), 1400 � 380 M� (n � 6), 1060 � 180 M� (n � 28), and 590 �
95 M� (n � 8), respectively. The membrane capacitance of P0,
P3, P4, and P5 neurons was 19 � 3.2 pF (n � 6), 21 � 6.4 pF (n �
6), 30 � 3.5 pF (n � 28), and 31 � 6.1 pF (n � 8), respectively.
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We estimated the single-channel conductance of the
strychnine-sensitive currents from all-point histograms (Fig. 1E)
obtained from epochs of primary recordings (n � 4) at various
holding potentials (see Materials and Methods). We used data
points with a distance of 30 mV (in one case 20 mV) for quanti-
fication of the single-channel conductances. The results on these
chord conductance measurements (Fig. 1F) yielded estimates of
60 –120 pS, which are similar to the previously reported values for
Cl� permeable GlyRs (Takahashi and Momiyama, 1991).

Inhibition of GlyT1 enhances the frequency of GlyR openings
In the presence of bicuculline, AP-5 and TTX, 10 –30 �M glycine
increased the holding current in a dose-dependent manner

(0.89 � 0.94 pA and 15.2 � 5.1 pA in-
crease in the peak of the all-point ampli-
tude histogram by 10 and 30 �M glycine,
respectively; n � 4; p � 0.039; Friedman
test; Fig. 2A,B). The SD of the Gaussian fit
of the amplitude histograms was in-
creased from 0.74 � 0.066 pA to 1.5 �
0.22 pA and 3.9 � 0.51 pA by 10 and 30
�M glycine, respectively (p � 0.018;
Friedman test). This shows that, in the
neonatal CA3 pyramidal neurons, glycine
can activate nonsynaptic GlyRs.

If GlyRs are activated by endogenous
glycine, the specific GlyT1 inhibitor NFPS
(Guastella et al., 1992; Supplisson and
Bergman, 1997; Harsing et al., 2003; Ser-
geeva et al., 2007; Warskulat et al., 2007)
should enhance the GlyR-mediated cur-
rent. In the presence of bicuculline and
AP-5, 1 �M NFPS consistently increased
the frequency of single-channel currents
(Fig. 2C). The 97.5th percentile of the all-
point histograms was at 3.6 � 0.8 pA (n �
5) when the peak of the histogram was
taken as 0 pA. This current level was in-
creased to 6.4 � 1.6 pA by NFPS (n � 5;
p � 0.043; Fig. 2D) reflecting an increase
in the tail of the histograms caused by the
enhanced GlyR current. An important
conclusion from this result is that GlyT1
operates in a net uptake mode under the
present control conditions, notably, with
no added glycine in the superfusion solu-
tion. Furthermore, the data strongly sug-
gest that glycine acts as an endogenous
agonist of extrasynaptic GlyRs.

Powerful uptake of exogenous glycine
via GlyT1
In the presence of NBQX and AP-5 (but
absence of bicuculline), bath application
of 30 �M glycine induced a consistent in-
crease in the baseline current (Fig. 3A).
90 s after the onset of glycine application,
the holding current increased by 4.1 � 1.4
pA (p � 0.03, n � 6) with no further
change at 240 s (4.5 � 1.4 pA; Fig. 3A,B).
In the presence of 1 �M NFPS, the increase
in the holding current caused by 30 �M

glycine amounted to 124 � 24 pA (n � 5,
p � 0.003; Fig. 3 C,D), which is much more than in the absence of
the uptake inhibitor (p � 0.004 in comparison in the absence vs
presence of NFPS, Mann–Whitney U test). This points to a pow-
erful glycine uptake by GlyT1.

Release of glycine is not activity-dependent
Spontaneous GlyR openings were seen in the presence of 1 �M

TTX in four of four recordings (Fig. 4A). In all-point histograms,
the 97.5th percentile was at 1.1 � 0.1 pA (n � 4). In these and in
all of the experiments described in this section, NBQX, AP-5, and
bicuculline were also present in the perfusion solution.

The endogeonous agonist activating GlyRs could be either
taurine, �-alanine, or glycine (Mori et al., 2002). Thus, in the next

Figure 1. Nonsynaptic GlyR activation in neonatal CA3 pyramidal neurons. A, Bicuculline (10 �M) blocks sGABA-PSCs and
reduces the baseline holding current. B, Spontaneous events reflecting single-channel openings are seen in the presence of 10 �M

bicuculline and they are more readily detectable after low-pass filtering (A and B, right). C, The single-channel openings are
blocked by 1 �M strychnine. D, An all-point histogram obtained from the recording in C shows that the smaller peak (arrow)
reflecting the single-channel openings is blocked by strychnine. The histograms were aligned by their peaks (0 pA). E, To eliminate
the effects of fluctuations in the baseline current, single-channel events were detected and aligned by the instantaneous baseline
current preceding the event. All-point histograms and Gaussian fits were calculated from the aligned events. F, I–V plot of the
single-channel currents from four recordings depicted using distinct symbols. Single-channel currents were obtained from all-
point histograms of the kind shown in E. Chord conductances were taken from the data as shown by the lines.

Sipilä et al. • GlyT1 and Tonic Glycine in Immature Hippocampus J. Neurosci., July 23, 2014 • 34(30):10003–10009 • 10005



set of experiments, 1 �M NFPS was also included in the perfusion
solution to specifically increase the extracellular glycine concen-
tration. In the absence of TTX, a pronounced GlyR-mediated
current was seen and in all-point histograms the 97.5th percentile
was at 4.1 � 0.4 pA (n � 4; Fig. 4B). Addition of TTX had no
effect on the GlyR-mediated currents because in experiments in
the presence of TTX and NFPS, the 97.5th percentile was at 4.7 �

0.6 pA (n � 5; Fig. 4C; p � 0.56 for a comparison in the absence
versus presence of TTX, Mann–Whitney U test; Fig. 4E). On the
other hand, there was a significant difference between the group
with TTX compared with TTX and NFPS (p � 0.016 for com-
parison in the absence vs presence of NFPS, Mann–Whitney U
test; Fig. 4E). In a further series of experiments, Ca 2� was omitted
from the perfusion solution containing NFPS and TTX. All-point
histograms taken from these experiments showed that the 97.5th

Figure 2. The frequency of GlyR openings is regulated by glycine uptake. A, Glycine (Gly,
10 –30 �M) enhances the frequency of GlyR openings and, consequently, the baseline holding
current in the presence of bicuculline, AP-5, and TTX. Expanded traces are shown on the bottom.
B, An all-point histogram obtained from the recording in A. C, The GlyT1-specific inhibitor NFPS
increases the frequency of GlyR openings (in bicuculline and AP-5). D, An all-point histogram
obtained from the recording in C shows the increase in the GlyR-mediated current as an en-
hancement of the positive tail. Note that a logarithmic scale is used in the y-axis to highlight the
tail.

Figure 3. Powerful uptake of exogenous glycine via GlyT1. A, At 30 �M, glycine increases the
baseline holding current in the presence of AP-5 and NBQX. B, All-point histograms obtained
from the recording in A in control, after 90 and 240 s of the onset of glycine application. C, At 30
�M, glycine has a dramatically enhanced effect on the holding current in the presence of NFPS
(and AP-5 and NBQX). D, All-point histograms obtained from the recording in C. Note the
difference in the scale of the x-axis between B and D.

Figure 4. Release of glycine is not dependent on action potential activity or on extracellular
Ca 2�. A, Left, GlyR single-channel currents recorded in the presence of 1 �M TTX. Right, an
average all-point histogram (n � 4). B, The GlyR-mediated current is much more pronounced
in recordings where 1 �M NFPS is present (no TTX; left, voltage-clamp recording; right, an
average all-point histogram; n � 4). C, GlyR currents in the presence of NFPS and TTX (left,
voltage-clamp recording; right, an average all-point histogram; n � 5). D, In a perfusion solu-
tion with no added Ca 2� (TTX and NFPS are also present), the GlyR-mediated current is similar
to that seen in the recordings of the type shown in B (left, a voltage-clamp recording; right, an
average all-point histogram; n � 5). Note that the scale of the y-axis is logarithmic in the
histograms to highlight the positive tail reflecting the GlyR currents. All experiments were
performed in the presence of bicuculline, NBQX, and AP-5. E, The vertical bar graph (means �
SEM) shows the 97.5th percentile of the all-point histograms for each recording condition with
p values for comparisons between groups (Mann–Whitney U test; from left to right n � 4, 4, 5,
and 5).
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percentile was similar to that found in the presence of 2 mM Ca 2�

(4.8 � 0.5 pA; Fig. 4D; p � 1.0 for comparison in 2 mM vs no
added Ca 2�, Mann–Whitney U test; Fig. 4E). Together, these
results indicate that the release of the endogenous agonist glycine
is not activity-dependent in the neonatal hippocampus.

GlyT1 facilitates fGDPs
Next, we studied the effect of GlyT1 block on spontaneous activ-
ity of the neonatal hippocampus. The average fGDP frequency
was 0.079 � 0.009 Hz (n � 19) under control conditions. In the
presence of 1 �M NFPS, the frequency decreased to 59 � 4% of
control within 25 min (n � 5, p � 0.002; Fig. 5A). Neither the
number of spikes during individual fGDPs (7.0 � 1.1 and 7.9 �
1.4 in control vs NFPS, respectively; p � 0.35; n � 5) nor the
duration of the averaged slow voltage deflection (420 � 32 ms
and 420 � 29 ms in control vs in NFPS, respectively; p � 0.705;
n � 5) were affected by the drug (Fig. 5A).

If the inhibitory effect of NFPS on fGDPs is caused by an
increase in the extracellular concentration of glycine, exogenous
glycine should mimic the action of the uptake blocker. Consistent
with this, 2 �M glycine decreased fGDP frequency to 56 � 11% of
control within 260 s from the onset of application (Fig. 5B; n � 9;
p � 0.011). In the presence of 1 �M strychnine, 2 �M glycine did
not affect fGDP frequency (7.4 � 13%, n � 10, p � 0.51) within
the same time window (not illustrated).

An intriguing question is whether the inhibitory effect de-
scribed above is specific for glycine. Notably, a low concentration

of the GABAAR agonist isoguvacine (0.1 �M) decreased the mean
frequency of fGDPs to 62 � 14% within 530 s from the onset of
application (n � 5; p � 0.043; Fig. 5C). Within 10 min after
washout of the drug, fGDP frequency recovered back to the con-
trol level (93 � 8%; n � 5). This is in line with our earlier, and at
that time somewhat surprising finding that GDP frequency is
suppressed following inhibition of GABA uptake (Sipilä et al.,
2004).

GlyT1 facilitates unit activity in the absence of
synaptic transmission
We wanted to test whether GlyT1 block and glycine act in a
nonsynaptic manner on the spontaneous activity of neonatal hip-
pocampal neurons. Glycine-mediated actions on NMDARs were
excluded by 20 �M AP-5. GABAA and AMPA-kainate receptors
were blocked by 1 �M SR 95531 and 10 �M NBQX, respectively.
Because blocking GABAARs inhibits unit activity, the extracellu-
lar K� concentration was raised to 6 –7 mM to promote sponta-
neous spikes (Sipilä et al., 2005). To avoid confounding effects
associated with intracellular recordings (Tyzio et al., 2003), we
used extracellular recordings to detect unit activity. Under these
conditions, the average unit spike frequency was 0.85 � 0.2 Hz
(n � 19 recordings, in 18 slices) in the CA3c stratum pyramidale.
1 �M NFPS reduced spike frequency to 78 � 6.2% of the control
level at 27 min from the onset of application (Fig. 6A; n � 7; p �
0.018). This action was mimicked by 2 �M glycine, which caused
a peak decrease of spikes to 80 � 12% of the control level at 390 s
from the onset of application (Fig. 6B; n � 12; p � 0.023). Note
that the partial recovery after the initial peak decrease in fGDPs
(Fig. 5B) and unit spikes (Fig. 6B) can be explained by uptake of
the exogenous glycine.

Discussion
In the present study, we demonstrate a robust activation of extra-
synaptic GlyRs in CA3 pyramidal neurons of the neonatal hip-
pocampus caused by endogenous, nonsynaptically released
glycine. The conclusion that glycine acts as a major endogenous
agonist of GlyRs gains strong support from the finding that the
frequency of GlyR openings was facilitated by blocking glycine
uptake via GlyT1. Furthermore, we show that the release of gly-
cine is not dependent on extracellular Ca 2� ions, neuronal activ-

Figure 5. GlyT1 blockade inhibits fGDPs. A, Top, Left, Application of 1 �M NFPS reduces fGDP
frequency (BP 0.5–10 Hz) in a progressive manner. Top, Right, Pooled data on normalized fGDP
frequency from five recordings of the kind shown in A as mean � SEM (bin width 300 s).
Bottom, NFPS has no effect on the number of spikes or the duration of the slow voltage shift
during individual fGDPs. B, 2 �M glycine inhibits fGDPs (left, field potential recording, BP
0.3–10 Hz; right, normalized sliding-average fGDP frequency, bin width 120 s, sliding step 10 s,
n � 9). C, Isoguvacine (0.1 �M) inhibits fGDPs (left, field potential recording, BP 0.125–10 Hz;
right, normalized sliding-average fGDP frequency, bin width 240 s, sliding step 10 s, n � 5).

Figure 6. GlyT1 blockade inhibits spontaneous unit activity in the absence of synaptic trans-
mission. A, Left, A field-potential recording showing unit activity in the CA3c stratum pyrami-
dale and the inhibitory effect of 1 �M NFPS. Right, Normalized sliding average unit spike
frequency (bin width 300 s, sliding step 10 s, n � 6). B, Glycine (2 �M) inhibits unit spikes (left,
field-potential recording; right, normalized sliding average of unit spike frequency, bin width
120 s, sliding step 10 s, n � 12). All experiments were performed in the presence of SR 95531,
NBQX, and AP-5.
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ity, or reverse operation of GlyT1. At a physiological
concentration of extracellular glycine, the nonsynaptic activation
of GlyRs has an inhibitory action in the neonatal hippocampus.

Pharmacological inhibition of GlyT1 led to a dramatic in-
crease in the effect of exogenous glycine, which implies a very
high efficacy of uptake by the transporter. The increase in non-
synaptic GlyR current caused by the transport blocker NFPS in-
dicates that GlyT1 operates in a net uptake mode in neonatal
hippocampal slices even under conditions where the physiologi-
cal solution is devoid of added glycine and, therefore, acts as an
infinite sink of the transporter’s substrate. Furthermore, this re-
sult implies that endogenous glycine acts as a physiologically rel-
evant agonist of GlyRs, although our results do not rule out
additional roles for �-alanine and taurine (Mori et al., 2002). The
enhanced GlyR current caused by GlyT1 inhibition was not af-
fected by TTX or the 0-Ca 2� solution indicating that the release
of glycine is not dependent on neuronal activity.

A striking finding in the present study was that a low level of
nonsynaptic GlyR (2 �M glycine or GlyT1 block) or GABAAR
activation (0.1 �M isoguvacine) is inhibitory, although the anion
gradients provide a depolarizing driving force in the neonatal
CA3 pyramidal cells (Sipilä et al., 2006b; Ben-Ari et al., 2007). The
inhibitory effect of glycine on unit spikes in the pyramidal cell
layer was seen in the absence of NMDA, AMPA and GABAA-

receptor-mediated transmission, indicating a cell-autonomous
nonsynaptic mode of action. Together, these data indicate that
the inhibitory action of a low tonic conductance can be achieved
by activation of glycine and GABA receptors. Interestingly, the
effects of extracellular glycine are promoted under conditions
where RNA editing results in high-affinity GlyRs (Eichler et al.,
2008).

In previous work on the neonatal hippocampus, a large in-
crease in conductance after an initial depolarizing and excitatory
transient following exposure to relatively high GABAAR agonist
concentrations was thought to be necessary for shunting inhibi-
tion to occur (Khalilov et al., 1999; Lamsa et al., 2000). We now
show that a functionally inhibitory effect can occur at much lower
conductance levels which do not evoke an initial excitatory net-
work response. This effect most likely went unnoticed in previous
studies because low agonist concentrations were not tested.

The functionally inhibitory action of the low level of GlyR or
GABAAR activation can be explained as follows. Our previous
work shows that immature CA3 pyramidal cells act as conditional
pacemakers in GDP generation by firing intrinsic bursts in a de-
polarized window of membrane voltage (Sipilä et al., 2005, 2009).
Both synaptic and nonsynaptic GABAergic depolarization can be
excitatory in neonatal pyramidal neurons if the change in mem-
brane voltage is sufficient to activate a persistent Na� current
(I-Nap) that triggers a burst of action potentials (Sipilä et al.,
2006a; Valeeva et al., 2010). Assuming a 10 mV depolarizing
driving force for GlyRs (Sipilä et al., 2006b; Valeeva et al., 2013),
activation of a single channel would cause �1 mV change in the
membrane potential of a cell with a 1 G� input resistance. On the
other hand, the single-channel conductance of GlyRs (�60 –120
pS) was �4 –19% of the total membrane conductance (�625–
1666 pS which corresponds to 600 –1600 M�) of the neonatal
neurons recorded in the present study. Hence, the shunting in-
hibitory action is likely to outweigh the slight depolarizing action
of a single or a few temporally overlapping GlyR openings on the
cell membrane, thereby generating a net inhibitory action under
the present conditions.

GABAergic interneurons, especially those with long-range
connections, have been shown to be crucial in synchronizing the

activity of pyramidal cells in GDP generation (Bonifazi et al.,
2009). This is achieved via both inhibitory and excitatory
GABAergic synapses in the neonatal hippocampus (Bonifazi et
al., 2009). In light of the present and previous data, it is likely that
this dual action of the GABAergic synapses depends not only on
the variability in the reversal potential of postsynaptic GABAARs
(Tyzio et al., 2006) but also on the magnitudes of both I-Nap
(Sipilä et al., 2006a; Valeeva et al., 2010) and the postsynaptic
GABAAR conductance.

Together, our data indicate that neonatal hippocampal neu-
rons are highly sensitive to physiological levels of glycine that
have been measured in the brain extracellular and CSFs (Choi et
al., 1999; Korman and Gutman, 2002). Although the effects of
glycine are mediated via both the GlyRs and NMDARs, the for-
mer respond to a much wider concentration range of glycine.
Hence, extrasynaptic GlyRs may participate in sensing overt
physiological changes in extracellular glycine, such as those that
take place during fasting and feeding (Applegarth and Poon,
1975; Karnani et al., 2011).
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