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S U M M A R Y

Neuronal dendrites integrate excitatory input. They can perform local computations such as coincidence 
detection by amplifying synchronized local input and dendritic spiking. Extracellular glycine could be a powerful 
modulator of such processes through its action as a co-agonist at glutamate receptors of the N-methyl-D-aspartate 
(NMDA) subtype but also as a ligand of inhibitory glycine receptors (GlyRs). Similarly, glycine transporters 
(GlyTs), an emerging drug target for psychiatric and other diseases, could control dendritic integration through 
ambient glycine levels. Both hypotheses were tested at dendrites of CA1 pyramidal cells in acute hippocampal 
slices by pharmacologically analysing how glycine, GlyTs and GlyRs change the postsynaptic response to local 
dendritic excitatory input. Using microiontophoretic glutamate application, we found that glycine can indeed 
significantly increase dendritic excitability and dendritic spiking. We also uncovered that GlyTs are powerful 
modulators of dendritic spiking, which can limit the impact of glycine sources on CA1 pyramidal cells. Our 
experiments also revealed that GlyRs can have an opposite, inhibitory effect on the slow dendritic spike 
component. This directly demonstrates that glycine can dynamically enhance dendritic responsiveness to local 
input and promote dendritic spiking, while GlyTs and GlyRs have an opposing effect. Together, this makes 
glycinergic signalling a powerful modulator of the nonlinear integration of synaptic input in CA1 radial oblique 
dendrites.

1. Introduction

Neuronal dendrites receive and integrate excitatory synaptic input. 
They can also amplify the depolarization caused by simultaneously 
active local synapses through voltage-dependent mechanisms. Voltage- 
dependent sodium channels and glutamate receptors of the N-methyl- 
D-aspartate subtype (NMDARs) can contribute to this amplification and 
the resulting dendritic spikes in CA1 pyramidal cell dendrites (Ariav 
et al., 2003; Losonczy and Magee, 2006; Stuart and Spruston, 2015; 
Bohmbach et al., 2022). Such dendritic spiking is thought to be impor
tant, for example, for coincidence detection, synaptic plasticity and the 
representation and formation of place fields in the hippocampus (Remy 
and Spruston, 2007; Sheffield et al., 2017; Poirazi and Papoutsi, 2020).

Since NMDARs can participate in the amplification of synaptic input, 
the regulation of their activity shapes dendritic spiking. An important 
regulatory site on the NMDAR is the co-agonist binding site, which needs 
to be bound with either glycine or D-serine for the NMDAR receptors to 
open (Johnson and Ascher, 1987; Kleckner and Dingledine, 1988). 

Because the level of occupancy of the NMDAR co-agonist binding site 
can vary in an activity-dependent manner (Bergeron et al., 1998; Tsai 
et al., 2004; Henneberger et al., 2010; Papouin et al., 2017; Robin et al., 
2018; Adamsky et al., 2018; Koh et al., 2022), we recently investigated if 
changing levels of extracellular D-serine modify dendritic spiking. 
Indeed, we observed that activity-dependent D-serine release facilitates 
dendritic spiking through an astrocytic mechanism, which tunes spatial 
memory formation (Bohmbach et al., 2022). In contrast, it is currently 
not known to our knowledge if the NMDAR co-agonist glycine plays a 
similar or different role.

Differences are expected compared to D-serine, because extracellular 
glycine has different signalling targets and its extracellular concentra
tion is controlled by different mechanisms. Apart from conventional 
NMDARs and their co-agonist binding site, glycine can also directly act 
on hippocampal inhibitory glycine receptors (GlyRs) (Sipila et al., 2004; 
Zhang et al., 2008a; Xu and Gong, 2010) and a subpopulation of excit
atory GluN3A-containing NMDARs (Bossi et al., 2023; Hurley et al., 
2024). In addition, it is mainly glycine transporters (GlyTs) that control 
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the levels of extracellular glycine (Bergeron et al., 1998; Martina et al., 
2004; Tsai et al., 2004; Xu and Gong, 2010) and that mediate 
activity-dependent glycine release near CA1 pyramidal cell dendrites 
(Zhang et al., 2018). GlyTs have also emerged as an important drug 
target for the treatment cognitive deficits in disease that are thought to 
involve NMDAR hypofunction like schizophrenia (Lane et al., 2010; 
Möhler et al., 2011; Nakazawa and Sapkota, 2020; Fleischhacker et al., 
2021; Rosenbrock et al., 2023) and potentially also stroke (Cappelli 
et al., 2022). For these reasons, we have explored how glycine and GlyTs 
control the dendritic response to local glutamatergic input and dendritic 
spiking via NMDARs and GlyRs.

2. Results

2.1. Glycine modulates dendritic spiking

First, we examined how exogenous glycine affects dendritic re
sponses to increasing local excitatory input using iontophoretic gluta
mate application during whole-cell patch clamp recordings from CA1 
pyramidal cells (Fig. 1a-c). We have previously confirmed that NMDARs 
contribute significantly to dendritic spiking in this experimental setting 
and that experimental results are qualitatively equivalent to alternative 
techniques for probing dendritic spiking like two-photon glutamate 
uncaging on sets of dendritic spines (Bohmbach et al., 2022). The 
evoked dendritic spikes recorded at the soma have a characteristic time 
course directly related to local dendritic mechanisms (Losonczy and 

Magee, 2006; Bohmbach et al., 2022). After the initial slow start of the 
excitatory postsynaptic potential (EPSP), the activation of 
voltage-dependent conductances (e.g. voltage-gated sodium channels) 
leads to an all-or-nothing dendritic spike which is detectable as a fast 
component in the postsynaptic potential and its first derivative (dV/dt; 
Fig. 1c, asterisk). This is followed by a slower component, to which 
NMDAR activity contributes significantly (Losonczy and Magee, 2006; 
Harnett et al., 2012; Bohmbach et al., 2022). We emulated a stepwise 
increase of local excitatory input by increasing the amount of ionto
phoretically applied glutamate (Fig. 1c). Dendritic spiking was identi
fied by the appearance of a fast component in the postsynaptic response 
(Fig. 1c, right panels, asterisk) and characterized by determining the 
threshold stimulus (i.e. the lowest amount of iontophoretically applied 
glutamate eliciting a dendritic spike, Fig. 1c, vertical dashed orange 
line), the amplitude of the slow component (Fig. 1c, black arrow), and 
the amplitude of the largest subthreshold response (Fig. 1c, green data 
point). Dendritic responses throughout the manuscript were character
ized by these parameters as illustrated in Fig. 1c. To isolate the action of 
glycine via NMDARs we performed these recordings in the presence of 
the GlyR inhibitor strychnine. After obtaining a baseline recording, 
100 µM glycine was bath-applied (Fig. 1d). This concentration was 
chosen because it reliably saturates the NMDAR co-agonist binding site 
of the relevant NMDAR isoforms in expression systems (Matsui et al., 
1995; Chen et al., 2008) without causing internalization of NMDARs 
(Chen et al., 2003; Cappelli et al., 2022). It was also chosen because it is 
above the EC50 of GlyRs (Lozovaya et al., 2005) of CA1 pyramidal cells, 

Fig. 1. Probing glycinergic control of dendritic spiking in CA1 pyramidal cells. a) Schematic of acute slice experiments. Whole-cell patch clamp recordings (ip, 
intracellular orange pipette, current clamp), iontophoretic glutamate application (ep, extracellular blue pipette), two-photon excitation (2PE) imaging of patched 
neuron and iontophoresis pipette filled with Alexa Fluor 594 (40 µM and 50 µM, respectively). b) Example image (left panel: scale bar 50 µm; right panel: zoom in on 
dashed box in left panel, scale bar 5 µm). c) Example relationship between glutamate application and somatically recorded response. Data points in left panel: black 
below dendritic spike threshold, green for last subthreshold EPSP and orange for dendritic spikes. Vertical orange line indicates the threshold stimulus for evoking a 
dendritic spike. Right panels: corresponding sample traces. Upper right panel: scale bars 5 mV and 20 ms. Lower right panel: dV/dt for identification of the fast spike 
component (asterisk), scale bars 1 mV/ms and 5 ms. d) Schematic experimental protocol for e: Acute application of glycine with blocked glycine receptors (GlyR, 
blue) and intact glycine transporters (GlyT1 and GlyT2, yellow and orange). Upper panel: baseline. Lower panel: acute glycine bath application (100 µM, orange 
dots). e) Glycine did not change the subthreshold EPSP amplitudes (left panel, 11.45 ± 1.53 mV vs. 12.72 ± 1.90 mV, n = 13, z = -1.68, p = 0.094, two-sided 
Wilcoxon Signed Ranks test), the threshold stimulus (middle panel, 0.36 ± 0.05 µA vs. 0.36 ± 0.05 µA, n = 13, t(12) = 0.44, p = 0.67, two-sided paired Stu
dent’s t test) but increased the slow component of dendritic spikes (right panel, 16.22 ± 1.73 mV vs. 18.42 ± 1.76 mV, n = 13, t(12) = -4.60, p = 0.00061, two-sided 
paired Student’s t test). Dashed box: sample traces of dendritic spikes recorded during baseline (black) and after application of glycine (orange, scale bars: 5 mV and 
20 ms, inset: 10 mV/ms and 5 ms). Data are expressed and displayed as mean ± s.e.m.
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whose contribution to dendritic spiking was analysed in later experi
ments. Under these experimental conditions (GlyRs inhibited), acute 
glycine application led to an isolated increase of the slow dendritic spike 
component without a change of the dendritic spike threshold or sub
threshold response (Fig. 1e). In control recordings without glycine 
application, theses parameters (i.e. subthreshold EPSP, threshold stim
ulus, slow component) were stable (Supplementary table 1). This is 
qualitatively different from the effect of the NMDAR co-agonist D-serine, 
which, as reported previously (Bohmbach et al., 2022), lowers the 
required excitatory drive for generating a dendritic spike (i.e. decreases 
the threshold) and increases the slow component. Because glycine and 
D-serine at the used concentrations should both be saturating the 
NMDAR co-agonist binding site, these results suggest that either glycine 
is not reaching the NMDARs at the nominal concentration, or that the 
co-agonists have different effects through the NMDARs.

Therefore, we next asked if D-serine has an additional effect on 
dendritic spiking in the presence of bath-applied glycine (illustrated in 
Fig. 2a). As before, glycine alone only increased the slow component 
amplitude of dendritic spikes, but D-serine in addition to glycine low
ered the threshold stimulus and increased the slow component and the 
subthreshold EPSP amplitude (Fig. 2b). The cumulative effect of D- 
serine and glycine on the slow component of ~ 25 % (Fig. 2c) is near 
identical to the one of D-serine alone (23 %) (Bohmbach et al., 2022), 
which is consistent with the idea that glycine and D-serine are affecting 
dendritic spiking through the same NMDAR population and 
mechanisms.

2.1.1. Glycine transporters limit glycine effects on dendritic spiking
These results suggest that exogenous glycine does not reach NDMARs 

at the nominal concentration, because 100 µM glycine should have 
saturated to NMDAR co-agonist binding site thereby preventing addi
tional effects of D-serine. Indeed, it is well established that glycine 
transporters represent a powerful uptake mechanisms that controls 
NMDAR activity (Chen et al., 2003; Martina et al., 2004; Supplisson, 
2024) and thus could prevent applied glycine from fully reaching 
NMDARs. To test this hypothesis, we probed dendritic spiking and its 
sensitivity to NDMAR co-agonists in the presence of both the glycine 
transporter 1 (GlyT1) antagonists NFPS (5 µM) and the glycine trans
porter 2 (GlyT2) antagonist Org 25543 (1 µM) (referred to as GlyT1/2 
blockade or inhibition). In a first experiment, acute blockade of GlyT1/2 
selectively increased the slow dendritic spike component (Fig. 3a-b), 
which is in line with an increase of extracellular glycine concentration 
after GlyT1/2 inhibition (Zhang et al., 2018) and similar to application 
of glycine alone (Fig. 1e). We next tested how GlyT1/2 inhibition 
changes the effect of glycine on dendritic spiking by first applying 
glycine and GlyT1/2 inhibitors together and then in combination with 
D-serine (Fig. 3c). Under these conditions, glycine reduced the threshold 
stimulus, increased the subthreshold EPSP and the slow spike compo
nent, and D-serine had no further effect on these parameters of dendritic 
spiking (Fig. 3d-e). This demonstrates that the effects of glycine on 
dendritic integration are strongly limited by GlyT1/2 activity at resting 
conditions. It also emphasizes that, under these conditions, glycine and 
D-serine act through the same NMDAR population because glycine oc
cludes the effect of additional D-serine.

While the expression and functional relevance of GlyT1 in the 

Fig. 2. Distinct effect of glycine and D-serine on dendritic spiking with intact glycine transport. a) Schematic of experimental protocol (GlyR inhibited, GlyT1 
and GlyT2 not inhibited). Upper panel: baseline. Middle panel: bath application of 100 µM glycine (orange dots). Bottom panel: bath application of glycine and D- 
serine (10 µM). b) Glycine application does not change the subthreshold EPSP amplitude (left panel: 7.28 ± 0.94 mV vs. 7.39 ± 0.95 mV vs. 8.65 ± 0.91 mV, n = 10, 
F(2) = 20.07, p < 0.0001, one-way repeated measures ANOVA; post-hoc Tukey test, baseline vs. glycine q(18) = 0.64, p = 0.89) while additional application of D- 
serine does (baseline vs. D-serine q(18) = 8.06, p < 0.0001, glycine vs. D-serine q(18) = 7.42, p = 0.00015). The threshold stimulus is not changed by glycine, but 
adding D-serine decreased it (middle panel, 0.28 ± 0.03 µA vs. 0.28 ± 0.03 µA vs. 0.25 ± 0.03 µA, n = 10, Х2(2) = 15.05, p = 0.00054, Friedman ANOVA; post-hoc 
Dunn’s test: baseline vs. glycine Z = 0.22, p = 1.00, baseline vs. D-serine Z = 3.47, p = 0.0016, glycine vs. D-serine Z = 3.24, p = 0.0036). The slow component 
amplitude is increased by glycine alone and further increased by adding D-serine (right panel, 13.13 ± 1.07 mV vs. 14.65 ± 1.22 mV vs. 16.40 ± 1.39 mV, n = 10, F 
(1.11) = 24.52, p = 0.00047, one-way repeated measures ANOVA; post-hoc Tukey test, baseline vs. glycine q(18) = 4.59, p = 0.012, baseline vs. D-serine q(18) 
= 9.90, p < 0.0001, glycine vs. D-serine q(18) = 5.30, p = 0.0040). Dashed boxes: sample traces of dendritic responses recorded during baseline (black), after 
application of glycine (orange) and after application of D-serine (green) at the threshold after D-serine application (left, green dashed boxed) and at the threshold 
during baseline and after glycine application (right, scale bars: 5 mV and 20 ms; inset: 1 mV/ms and 5 ms). c) Relative increases of slow component amplitudes from 
b reveals additive effects of D-serine and glycine under these conditions (glycine vs. baseline: orange, 12 ± 3.5 %; D-serine and glycine vs. glycine alone: green 12 
± 1.0 %; D-serine and glycine vs. baseline: green, 25 ± 4.5 %). Data are expressed and displayed as mean ± s.e.m.
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hippocampus is certain, the role of GlyT2 has been a matter of discussion 
(Xu and Gong, 2010). Therefore, the effects observed in Fig. 3 could 
result solely from GlyT1-dependent glycine uptake. To determine the 
contribution of GlyT1 alone to the control of dendritic spiking, we 
examined the effect of glycine applied together with the glycine trans
porter 1 (GlyT1) antagonists NFPS (5 µM) and then further added 
D-serine (as illustrated in Fig. 4a). Under these conditions, glycine led 
only to a small and insignificant increase of the subthreshold EPSP 
whereas further adding D-serine increased it compared to baseline 
(Fig. 4b, left panel), although there was no significant difference be
tween the subthreshold EPSPs in glycine and added D-serine. The slow 

spike component was increased by glycine and GlyT1 inhibition and 
D-serine had an additional effect (Fig. 4b right panel), although a direct 
comparison of the slow component increases between glycine with 
GlyT1 inhibition and with GlyT1/2-inhibition (from Fig. 3) did only 
reveal a trend (Fig. 4c). Overall, the effects of additional D-serine when 
glycine was applied with a GlyT1-inhibitor alone suggest that GlyT2 can 
control extracellular glycine levels (see Fig. 3 for a comparison). The 
dendritic spike threshold stimulus was decreased by glycine combined 
with GlyT1 inhibition and added D-serine had no further effect (Fig. 4b, 
middle panel). This indicates that inhibition of GlyT1 alone is sufficient 
to enable a glycinergic modulation of the dendritic spike threshold (for 

Fig. 3. Glycine transporters (GlyT1/2) control dendritic spiking and its responsiveness to glycine. a) Probing dendritic integration with GlyRs inhibited 
(upper panel, baseline) and its response to GlyT1/2 inhibition (lower panel, GlyT1/2-inh.) b) GlyT1/2 inhibition does not change subthreshold EPSPs (left panel, 
11.34 ± 2.09 mV vs. 13.20 ± 2.07 mV, n = 7, t(6) = -1.97, p = 0.10, two-sided paired Student’s t test) or the threshold stimulus of dendritic spikes (middle panel, 
0.34 ± 0.057 µA vs. 0.31 ± 0.058 µA, n = 7, t(6) = 1.61, p = 0.16, two-sided paired Student’s t test) but increases their slow component (right panel, 13.81 
± 2.05 mV vs. 15.27 ± 2.17 mV, n = 7, t(6) = -3.25, p = 0.017, two-sided paired Student’s t test). Dashed box: example traces of dendritic spikes recorded during 
baseline (black) and after application of glycine transporter inhibitor (blue, scale bars: 5 mV and 20 ms, inset: 1 mV/ms and 5 ms). c) Probing dendritic integration 
with GlyRs inhibited (upper panel, baseline) and its response to combined GlyT1/2 inhibition and glycine application (middle panel, glycine + GlyT1/2-inh.) and 
combining this with D-serine application (lower panel, + D-ser.). d) Combining glycine application with GlyT1/2 inhibition increases subthreshold EPSP amplitudes 
(left panel, 5.42 ± 0.78 mV vs. 6.28 ± 0.76 mV vs. 6.63 ± 0.81 mV, n = 10, F(2) = 9.80, p = 0.0013, one-way repeated measures ANOVA; post-hoc Tukey test, 
baseline vs. glycine q(18) = 4.33, p = 0.018) which are not further increased by D-serine (baseline vs. D-serine q(18) = 6.08, p = 0.0012, glycine vs. D-serine q(18) 
= 1.75, p = 0.45). Similarly, the threshold stimulus is decreased (middle panel, 0.30 ± 0.039 µA vs. 0.28 ± 0.037 µA vs. 0.28 ± 0.038 µA, n = 10, F(2) = 7.28, 
p = 0.0048, one-way repeated measures ANOVA; post-hoc Tukey test: baseline vs. glycine q(18) = 4.37, p = 0.016, baseline vs. D-serine q(18) = 4.92, p = 0.0072, 
glycine vs. D-serine q(18) = 0.55, p = 0.92) and the slow component of dendritic spikes increased (right panel, 12.59 ± 1.24 mV vs. 15.10 ± 1.59 mV vs. 15.01 
± 1.55 mV, n = 10, F(2) = 12.86, p = 0.00034, one-way repeated measures ANOVA; post-hoc Tukey test, baseline vs. glycine q(18) = 6.32, p = 0.00083, baseline vs. 
D-serine q(18) = 6.10, p = 0.0012, glycine vs. D-serine q(18) = 0.22, p = 0.99) by glycine and GlyT1/2 inhibition without further changes by adding D-serine. 
Dashed boxes: sample traces of dendritic spikes recorded during baseline (black), after application of glycine together with GlyT1/2 inhibitors (blue) and after adding 
D-serine (green, scale bars: 5 mV and 20 ms, inset: 0.5 mV/ms and 5 ms) for the dendritic spike threshold during glycine application with GlyT1/2 inhibition (left, 
blue dashed box) and baseline (right, black dashed box). e) The relative change of the slow component amplitude for glycine application without GlyT1/2 inhibition 
(data from Fig. 1e) is significantly smaller than the change observed with GlyT1/2 inhibition (d) (12 ± 2.1 % vs. 20 ± 2.9 %, n = 23 and 10, t(31) = -2.09, 
p = 0.045, two-sided Student’s t test). Data are expressed and displayed as mean ± s.e.m.

K. Bohmbach et al.                                                                                                                                                                                                                             Progress in Neurobiology 256 (2026) 102856 

4 



comparison see Fig. 1).

2.2. Glycine receptors can control the slow dendritic spike component

Next, we investigated the role of glycine receptors (GlyRs) and tested 
if the effects of glycine and GlyT1/2 are different when the GlyR in
hibitor strychnine is not present (Fig. 5). In previous experiments 
(Figs. 1–3) we included picrotoxin in the bath solution to isolate effects 
through glutamate receptor activation. However, picrotoxin was shown 
to partially inhibit GlyR-mediated currents (Chattipakorn and McMa
hon, 2002). We therefore replaced picrotoxin with the GABAA and 
GABAC inhibitors gabazine and TPMPA, respectively, to isolate effects 
mediated by glutamate and glycine receptors. We found that exogenous 
glycine on its own had no effect on dendritic excitability and spiking 
under these conditions (Fig. 5a-b), which indicates that inhibitory GlyRs 
counteract the effect of glycine on the slow spike component (Fig. 5c) 
when GlyT1/2 are functional. In contrast, glycine application combined 
with GlyT1/2 inhibition decreased the threshold stimulus and increased 
the slow component of the dendritic spike and the subthreshold EPSPs 
(Fig. 5d-e). This indicates that the inhibitory effect of GlyRs on the slow 
spike component can be overridden by increased glycine levels. Inter
estingly, this scenario of increased extracellular glycine, intact GlyRs 
and inhibited glycine uptake could correspond to the situation during 
activity-dependent endogenous glycine release (see Discussion) (Zhang 
et al., 2018), which illustrates that endogenous glycine release too could 
increase dendritic spiking. Identical experiments with picrotoxin instead 
of gabazine and TPMPA had qualitatively identical results 
(Supplementary Fig. 1).

Finally, we also analyzed subthreshold EPSPs throughout all exper
iments. First, we investigated those evoked by iontophoretic glutamate 

application with the highest stimulus intensity not inducing a dendritic 
spike (Fig. 1c, green dot and green trace). Throughout all experiments, 
changes of NMDAR co-agonist levels that affected the stimulus threshold 
had the opposite effect on these subthreshold EPSPs (e.g. glycine com
bined with GlyT1/2 inhibition decreasing the stimulus threshold and 
increasing the subthreshold EPSPs), except for the experiments, where 
only GlyT1 was blocked. This is consistent with the presence of an 
NMDAR-mediated component of the subthreshold EPSPs and coopera
tive action of NMDARs and dendritic voltage-dependent sodium in 
triggering dendritic spikes in CA1 pyramidal cells (Ariav et al., 2003; 
Losonczy and Magee, 2006; Bohmbach et al., 2022). Second, we 
examined evoked subthreshold EPSPs with an amplitude comparable to 
spontaneous EPSPs of ~ 1–2 mV (spontaneous-like EPSPs, sl-EPSPSs). 
None of the experimental conditions affected the amplitude of these 
(Supplementary table 2), which also implies that our experimental 
protocols did not induce synaptic plasticity.

3. Discussion

We analysed if and how extracellular glycine controls dendritic 
excitability and spiking of CA1 pyramidal cells, how its effect is shaped 
by glycine transporters (GlyT) and what roles two of its targets play (i.e., 
the NMDAR co-agonist binding site and inhibitory glycine receptors, 
GlyRs). Overall, we found that glycine is a potent regulator of dendritic 
spiking. It can decrease the amount of excitatory input needed for the 
generation of dendritic spikes and can increase their amplitude, thereby 
likely affecting the postsynaptic detection of simultaneous synaptic 
input and synaptic plasticity.

Between the two investigated targets of glycine, GlyRs play the less 
prominent role in controlling dendritic excitability and spiking. GlyRs 

Fig. 4. Glycine transporter 1 (GlyT1) controls dendritic spiking and its responsiveness to glycine. a) Testing changes of dendritic integration with GlyRs 
inhibited (upper panel, baseline) induced by glycine application combined with GlyT1 inhibition (middle panel, glycine + GlyT1-inh.) and combining this with D- 
serine application (lower panel, + D-serine). b) Combining glycine application with only GlyT1 inhibition does not influence subthreshold EPSP amplitudes (left 
panel, 6.68 ± 0.69 mV vs. 7.52 ± 0.95 mV vs. 8.43 ± 0.83 mV, n = 9, F(2) = 5.73, p = 0.013, one-way repeated measures ANOVA; post-hoc Tukey test, baseline vs. 
glycine q(16) = 2.31, p = 0.26), but can be increased by D-serine (baseline vs. D-serine b vs. s q(16) = 4.79, p = 0.010, glycine vs. D-serine q(16) = 2.48, p = 0.22). 
Contrarily, the threshold stimulus is decreased (middle panel, 0.35 ± 0.05 vs. 0.31 ± 0.04 vs. 0.29 ± 0.04 µA, n = 9, F(2) = 10.33, p = 0.0013, one-way repeated 
measures ANOVA; post-hoc Tukey test: baseline vs. glycine q(16) = 4.42, p = 0.017, baseline vs. D-serine q(16) = 6.25, p = 0.0012, glycine vs. D-serine q(16) 
= 1.83, p = 0.42) by glycine and GlyT1 inhibition without further changes by adding D-serine. The slow component of dendritic spikes increased (right panel, 13.59 
± 1.15 mV vs. 15.40 ± 1.30 mV vs. 16.30 ± 1.30 mV, n = 9, F(2) = 43.26, p < 0.0001, one-way repeated measures ANOVA; post-hoc Tukey test, baseline vs. glycine 
q(16) = 8.63, p < 0.0001) by glycine and GlyT1 inhibition further increased by adding D-serine (baseline vs. D-serine q(16) = 12.91, p < 0.0001, glycine vs. D-serine 
q(16) = 4.23, p = 0.021). Dashed boxes: sample traces of dendritic spikes recorded during baseline (black), after application of glycine together with GlyT1 inhibitor 
(blue) and after adding D-serine (green, scale bars: 5 mV and 20 ms, inset: 2 mV/ms and 5 ms) for the dendritic spike threshold during glycine application with GlyT1 
inhibition (left, blue dashed box) and baseline (right, black dashed box). c) Relative change of the slow component for glycine application with GlyT1/2 inhibition 
(data from Fig. 3d) is slightly, but not significantly, larger than the change observed with only GlyT1 inhibition (b) (20 ± 2.0 % vs. 14 ± 2.0 %, n = 10, and 9, 
Z = 1.67, p = 0.095, two-sided Mann-Whitney Test). Data are expressed and displayed as mean ± s.e.m.
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are well known to be expressed by hippocampal neurons (Xu and Gong, 
2010) and can mediate a tonic inhibition especially when type I GlyTs 
are inhibited (Sipila et al., 2004; Zhang et al., 2008a). GlyRs can also 
control the direction of glycine-induced forms of synaptic long-term 
plasticity in the hippocampus (Chen et al., 2011; Zhang et al., 2014). 
Our experiments add a role of GlyRs in dampening the amplitude of the 
slow dendritic spike component under specific conditions. We observed 
that exogenous glycine increased this component when GlyRs were 
blocked (Fig. 1e) but not when GlyRs were available (Fig. 5b and c), 
which is in line with an GlyR-mediated inhibition of CA1 pyramidal cells 
when glycine levels are elevated (Sipila et al., 2004; Zhang et al., 2008a; 
Keck et al., 2008).

In contrast, glycine strongly promoted dendritic spiking via the 
NMDAR co-agonist binding site. The main evidence for this conclusion is 
that glycine occluded further effects of D-serine, the other NMDAR co- 
agonist with no other relevant known site of action, (Fig. 3d) and that 
the cumulative effect of glycine and D-serine does not exceed that of D- 
serine alone (see Fig. 2c and accompanying text). These results imply 
that exogenous D-serine and glycine increase dendritic spiking by acting 
on the co-agonist binding site of the same population of NMDARs in our 
experimental setting. Recently, the functional importance of so-called 
excitatory glycine receptors (eGlyRs), which are NMDARs composed 
of GluN3A and GluN1 subunits and are activated by glycine alone, has 
been demonstrated for cortical, amygdalar and hippocampal circuits 

(Bossi et al., 2022; Hurley et al., 2024; Pizzamiglio et al., 2025). How
ever, because glycine directly activates eGlyRs whereas D-serine inhibits 
eGlyR-mediated currents (Chatterton et al., 2002; Bossi et al., 2022), 
eGlyRs are unlikely to contribute to the observed changes of dendritic 
spiking in our experiments, in which glycine and D-serine both increased 
dendritic spiking.

We also tested the role of GlyTs in controlling glycine effects on 
dendritic spiking, because it is well known that glycine transporters 
represent powerful uptake mechanisms that can efficiently lower 
extracellular glycine and counteract application of extracellular glycine 
(Berger et al., 1998; Bergeron et al., 1998; Chen et al., 2003; Sipila et al., 
2004; Martina et al., 2004; Zhang et al., 2018; Supplisson, 2024). Our 
experiments with GlyT1/2 inhibition confirm that they can reduce the 
effect of exogenous glycine on NMDARs and, through that, strongly limit 
its effect on the dendritic response to excitatory input (compare Fig. 5e 
and Fig. 1e). Comparing effects of combining glycine application with 
GlyT1/2 inhibition and glycine application with only GlyT1 inhibition 
(Fig. 3d and Fig. 4) reveals a role of GlyT2 in controlling extracellular 
glycine levels. Although the role of GlyT2 in the hippocampus has been a 
matter of discussion (Xu and Gong, 2010), our findings are in line with 
immunohistochemical evidence for hippocampal GlyT2 expression 
(Danglot et al., 2004; Song et al., 2006). They are also consistent with 
our previous work using optical glycine sensors, which revealed a role of 
GlyT2 in controlling extracellular resting levels of glycine (Zhang et al., 

Fig. 5. Unblocking of inhibitory glycine receptors has a limited effect on the glycinergic control of dendritic spiking. a) Experimental protocol for b. Top 
panel: baseline, no GlyT1/2 or GlyR inhibitors. Bottom panel: acute bath application of glycine (orange dots). b) Under these conditions, glycine does not change 
subthreshold EPSP amplitudes (left panel, 8.20 ± 1.31 mV vs. 8.29 ± 1.37 mV, n = 7, t(6) = -0.41, p = 0.70, two-sided paired Student’s t test), the threshold 
stimulus (middle panel, 0.18 ± 0.03 µA vs. 0.18 ± 0.03 µA, n = 7, t(6) = -1.52, p = 0.18, two-sided paired Student’s t test) or the slow component of dendritic spikes 
(right panel, 13.44 ± 1.78 mV vs. 13.48 ± 2.04 mV, n = 7, t(6) = -0.10, p = 0.92, two-sided paired Student’s t test). Dashed box: sample traces of dendritic spikes 
recorded during baseline (black) and after application of glycine (orange, scale bars: 2 mV and 20 ms, inset: 1 mV/ms and 5 ms). c) Relative change of the slow 
component for glycine application without GlyR blockade (b) is significantly smaller than the change observed with GlyRs blocked (data from Fig. 1e) (1.5 ± 2.8 % 
vs. 12 ± 2.1 %, n = 7 and 23, t(28) = -2.62, p = 0.014, two-sided Student’s t test). d) Experimental protocol for e. Top panel: baseline, no GlyT1/2 or GlyR in
hibitors. Bottom panel: acute bath application of glycine and GlyT1/2 inhibitors (GlyT1/2-inh.) e) With intact GlyRs, glycine and GlyT1/2 inhibition increased 
subthreshold EPSP amplitudes (left panel, 7.42 ± 0.79 mV vs. 8.74 ± 0.85 mV, n = 10, t(9) = -4.53, p = 0.0014, two-sided paired Student’s t test), decreased the 
spike threshold (middle panel, 0.23 ± 0.03 µA vs. 0.21 ± 0.03 µA, n = 10, t(9) = 3.45, p = 0.0073, two-sided paired Student’s t test) and increased their slow 
component (right panel, 14.35 ± 1.55 mV vs. 15.69 ± 1.60 mV, n = 10, t(9) = -5.39, p = 0.00044, two-sided paired Student’s t test). Dashed boxes: sample traces of 
dendritic spikes recorded during baseline (black) and after application of glycine combined with GlyT1/2 inhibitors (blue, scale bars: 5 mV and 20 ms, inset: 0.5 mV/ 
ms and 5 ms) at the threshold stimulus after application (top, blue dashed box) and during baseline (bottom, black dashed box). Data are expressed and displayed as 
mean ± s.e.m.
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2018).
The involvement of GlyTs also has an interesting implication. The 

current view is that there are few, if any, glycinergic synapses in the 
hippocampus (Xu and Gong, 2010), which implies that extracellular 
glycine concentrations are primarily controlled by glycine transporters. 
Indeed, we have previously demonstrated that optically-detected acti
vity-dependent glycine release is inhibited by GlyT1/2 inhibition in the 
hippocampus (Zhang et al., 2018). Further experiments revealed that 
resting levels of extracellular glycine are kept low by each of the two 
transporters, GlyT1 and 2, as well. Thus, GlyT1/2 reduce the extracel
lular glycine during periods of low neuronal/cellular activity but reverse 
to release glycine into the extracellular space when neuronal activity is 
high (Zhang et al., 2018), which is compatible with the stoichiometry 
and properties of GlyT1-mediated glycine transport (Roux and Suppli
sson, 2000). The conditions under which activity-dependent glycine 
release occurs (reverse transport and therefore impaired uptake) are 
qualitatively similar to experimental GlyT1/2 inhibition combined with 
glycine application (Fig. 5e). For these reasons, we predict that 
activity-dependent endogenous glycine release increases the dendritic 
response to excitatory input and dendritic spiking similar to Fig. 5e.

Testing this hypothesis may not be straightforward. GlyT1 is the 
transporter that most likely reverses because of its stoichiometry (Roux 
and Supplisson, 2000). It is expressed by astrocytes and also pre- and 
postsynaptically at glutamatergic synapses (Cubelos et al., 2005; Xu and 
Gong, 2010), which complicates an experimental analysis because all 
three compartment could potentially take up and/or release glycine. 
Similarly, it is not possible to conclude from our present experiments, 
which GlyT-expressing cell types and compartments (e.g. perisynaptic 
astrocytic processes, pre- and postsynaptic sites) play specific role in 
controlling glycinergic modulation of dendritic integration and den
dritic spiking. Also, we do not experimentally distinguish populations of 
NMDAR with different subunits composition (e.g. GluN2A vs. GluN2B 
containing NMDARs) precluding insights into their selective regulation 
by glycine (Papouin et al., 2012). Glycine was also shown to induce 
internalization of surface NMDARs and to affect their trafficking (Nong 
et al., 2003; Ferreira et al., 2017). Especially, rapid internalization of 
NMDARs after glycine applications could affect our experimental results 
and their interpretation. The concentration-dependence of 
glycine-induced NMDAR internalisation varies widely between indi
vidual reports (Nong et al., 2003; Martina et al., 2004; Zhang et al., 
2008b; Chen et al., 2011; Cappelli et al., 2022), and we have chosen a 
concentration of 100 µM because two reports indicate that this con
centration reliably increases NDMAR-mediated synaptic currents 
without inducing internalisation in acute slices (Chen et al., 2003; 
Cappelli et al., 2022). Even if glycine-induced internalisation is present 
in our experiments, it would lead to an underestimation of how strongly 
glycine facilitates dendritic spiking.

Overall, our experiments reveal a significant impact of glycine and its 
transporters on the dendritic integration of excitatory synaptic input and 
the generation of dendritic spikes in CA1 pyramidal cells. This is likely to 
play a role in situations, in which activity-dependent glycine release 
occurs such as plasticity-inducing activity (Zhang et al., 2018) (see 
above) or pathophysiological activity like in epilepsy (Ronne-Engström 
et al., 1992). These are therefore predicted to lead to increased dendritic 
spiking and may thereby modify for instance hippocampal place coding 
and memory formation (Bohmbach et al., 2022; Masala et al., 2023). 
However, it remains to be tested if dendritic integration of clustered 
synaptic input in a physiological setting (e.g. in vivo) displays the same 
dependency on glycine and glycine transport as observed here. None
theless, our findings could be important regarding the therapeutic use of 
GlyTs to counteract NMDAR hypofunction in diseases like schizophrenia 
(Möhler et al., 2011; Nakazawa and Sapkota, 2020). Our results imply 
that interpreting the clinical effects of GlyT inhibitors (Lane et al., 2010; 
Fleischhacker et al., 2021; Rosenbrock et al., 2023) needs to consider a 
potentially wide-spread effect on dendritic integration and spiking.

3.1. STAR methods

Key resources table
Key resources tableREAGENT or 
RESOURCE

SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Alexa Fluor 594 Hydrazide ThermoFisher A10438
D-serine Sigma S4250
Fluo-4, Pentapotassium Salt ThermoFisher F14200
Gabazine Tocris 1262
Glutamic acid (L-) AppliChem A3723
Glycine AppliChem A1067
NFPS Tocris 2789
Org 25543 Tocris 4782
Picrotoxin abcam Asc-315
Strychnine hydrochloride Sigma S8753
TPMPA Tocris 1040
Experimental models: Organisms/strains
Wistar rats Charles River Strain Code 003
Software and algorithms
Origin Pro 2017 and 2024 OriginLab https://www.originlab. 

com/
pClamp 10.3 Molecular 

Devices
https://www.mo 
leculardevices.com/

3.2. Experimental model and subject details

All research and experimental procedures complied with the relevant 
ethical regulations. All animal procedures were conducted in accor
dance with the regulations of the European Commission and all relevant 
national and institutional guidelines and requirements (e.g. Haus für 
Experimentelle Therapie [HET], University Hospital Bonn, Germany). 
All animals used in this study were housed under 12 h light/dark con
ditions and were allowed ad libitum access to food and water (room 
temperature 22 ◦C, air humidity 50–70 %). All experiments were per
formed on 3–5-week-old male Wistar rats in the CA1 region of the 
hippocampus.

4. Method details

4.1. Hippocampal slice preparation

Acute brain slices were prepared as described previously (Bohmbach 
et al., 2022). Briefly, after deeply anesthetizing the animals with iso
flurane, it was decapitated and the brain quickly removed from the skull. 
Horizontal hippocampal slices, 300 µm thick, were prepared in an 
ice-cold slicing solution (in mM: sucrose 105, NaCl 60, KCl 2.5, MgCl2 7, 
NaH2PO4 1.25, ascorbic acid 1.3, sodium pyruvate 3, NaHCO3 26, 
CaCl2 0.5 and glucose 10; osmolarity 300–310 mOsm/l). Slices were 
kept for 15 min in slicing solution at 34◦C before transferring them to 
artificial cerebrospinal fluid (ACSF, composition in mM: NaCl 131, KCl 
2.5, MgSO4 1.3, NaH2PO4 1.25, NaHCO3 21, CaCl2 2 and glucose 10; 
pH 7.35–7.45; osmolarity 297–303 mOsm/l). Slices were allowed to rest 
at least 1 h at RT before the experiments. All experiments were con
ducted at ~ 34 ◦C.

4.2. Glutamate iontophoresis

Glutamate iontophoresis experiments were performed as previously 
described (Bohmbach et al., 2022). Briefly, acute slices were transferred 
to a submersion-type recording chamber mounted on a Scientifica 2PE 
fluorescence microscope with a 40x/0.8 NA objective (Olympus) and 
superfused with ACSF at 34◦C containing 50 μM picrotoxin and where 
indicated strychnine hydrochloride 0.5 µM. For the experiments shown 
in Figs. 4, 5 µM gabazine and 50 µM TPMPA were used instead of 
picrotoxin. CA1 pyramidal cells were patched in the whole-cell config
uration (using a Multiclamp 700B amplifier) with borosilicate glass 
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pipettes (3–5 MΩ resistance, GB150F-10, Science Products) filled with 
an intracellular solution containing (in mM): KCH3O3S 135, HEPES 10, 
di-Tris-Phosphocreatine 10, MgCl2 4, Na2-ATP 4, Na-GTP 0.4, Alexa 
Fluor 594 hydrazide 0.04, Fluo-4 pentapotassium salt 0.2, pH adjusted 
to 7.2 using KOH, osmolarity 290–295 mOsm/l. Cells were kept in the 
current clamp mode. Local dendritic glutamate applications were per
formed with a microiontophoresis system (MVCS-C-01C-150, NPI) and 
borosilicate glass pipettes (60–90 MΩ resistance, GB150F-10, Science 
Products), filled with 150 mM glutamic acid (pH adjusted to 7.0 with 
NaOH) and 50 μM Alexa Fluor 594 hydrazide. Under guidance of 
two-photon excitation fluorescence microscopy (Ti:sapphire pulsed 
laser, Vision S, Coherent, excitation at λ = 800 nm), the micro
iontophoresis pipette was placed in close proximity (<1 µm) to a spine 
on an apical oblique dendrite in the stratum radiatum (typically 
40–80 µm below the slice surface). Only cells with an initial access 
resistance (Ra) < 20 MΩ and with < 20 % change during the time course 
of the recording were included in the analysis. The iontophoretic stim
ulation duration was adjusted (duration < 0.8 ms) so that reliable so
matic excitatory postsynaptic potentials (EPSPs), dendritic spikes and 
somatic action potentials could be recorded with increasing stimulation 
intensity (10–50 pA steps until the occurrence of an AP, 3 s interstimulus 
interval). See beginning of results section, Fig. 1 and (Bohmbach et al., 
2022) for details on the analysis of postsynaptic responses and dendritic 
spiking.

4.3. Pharmacology

The following drugs in the respective concentrations were used: 
10 µM D-serine, 100 µM glycine, 5 µM gabazine, 5 µM NFPS (inhibitor of 
GlyT1), 1 µM Org 25543 (inhibitor of GlyT2), 50 µM picrotoxin, 0.5 µM 
strychnine hydrochloride, 50 µM TPMPA. Recordings were performed 
5–8 min after the bath application of the drug in the sequences illus
trated in the figure.

4.4. Quantification and statistical analysis

Data and statistical analyses were done with pClamp 10.3 (Molecular 
Devices) and OriginPro 2017 or 2024 (OriginLab). Statistical tests were 
performed after investigating whether data followed a normal distri
bution (Shapiro-Wilk test). Depending on the outcome, statistical tests 
were performed using non-parametric (Friedman test, Wilcoxon signed- 
rank test) or parametric (repeated measures ANOVA, Student’s t-tests) 
approaches as indicated. All tests are two-sided. Data are expressed and 
displayed as mean ± s.e.m. (standard error of mean). In graphs, asterisks 
indicate statistical significance. * for p < 0.05, ** for p < 0.01 and *** 
for p < 0.001.
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