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Abstract: Erythropoietin is a potent regulator of erythropoiesis. It acts via the 
specific membrane receptor (EpoR). Erythropoietin is also known to be present 
in the central nervous system, and its concentration and the expression of EpoR 
change during development, which raises the possibility that this modulator 
might be involved in the regulation of neuronal functions in the developing 
brain. The GABAergic system undergoes profound changes during development 
and is particularly susceptible to modulation by endogenous factors. Therefore, 
we decided to investigate the impact of Epo on GABAergic transmission in 
hippocampal neurons developing in vitro. An analysis of miniature IPSCs 
(mIPSCs) revealed that a long-term treatment with Epo (48 or 72 h) resulted in  
a major acceleration of the decaying phase of these currents while the amplitude 
and current frequency remained unchanged. Interestingly, this effect was 
restricted to the youngest considered age group (6-8 DIV), indicating that Epo-
mediated modulation of mIPSCs depends on the developmental stage of the 
neurons. We conclude that Epo may exert a modulatory action on GABAergic 
transmission in developing neural networks.  
 
Key words: GABAA receptors, Erythropoietin, Miniature post synaptic current 
mIPSC, Neuronal culture 
 
INTRODUCTION 
 
Erythropoietin (Epo) is a growth factor that regulates erythropoiesis by binding 
to a specific membrane receptor (EpoR). During erythropoiesis, it stimulates the 
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proliferation, differentiation and maturation of erythroid progenitor cells [1].  
It was thought to be exclusively produced in the fetal liver and adult kidney. 
However, Epo and EpoR were recently found to be expressed in other tissues 
including the nervous system, implying a role of this haematopoietic cytokine in 
the function of the brain [2-4]. Erythropoietin is described as a neuroprotective 
factor during cerebral ischemia (see [1] for review), experimental brain injury 
[5], hypoxia [6] and brain haemorrage [7], which shows its importance in the 
functioning of the brain. Several lines of evidence indicate that the hippocampus 
is influenced by Epo. In particular, it is known that Epo is protective against 
neuronal death in the CA1 region of the rat hippocampus following global 
cerebral ischemia [8], and that Epo preconditioning suppressed neuronal 
apoptosis in the hippocampus of rats following status epilepticus in vivo [9].  
It has been shown that systemically delivered recombinant Epo may transiently 
increase adult hippocampal neurogenesis [10]. Both Epo and EpoR are 
expressed in rodent and primate hippocampal neurons, and are present during 
development [2, 11, 12]. Additionally, the level of Epo is variable through 
development, reaching its highest concentration during gestation [13]. It is thus 
likely that Epo and EpoR play a role in neurodevelopment and/or brain 
homeostasis, but their impact on the functions of the developing brain has not 
been systematically studied. It is known that GABAergic transmission 
undergoes profound changes during development [14] and that its disfunction 
might be associated with brain disorders (e.g. epilepsy with ensuing 
neurodegeneration). It is thus interesting to check whether a long-term Epo 
treatment of neurons developing in vitro affects GABAergic transmission. Our 
analysis of GABAergic miniature inhibitory postsynaptic currents (mIPSCs) 
provides evidence that within a restricted window of time, Epo does induce 
significant changes in the mIPSC time course. 
 
MATERIALS AND METHODS 
 
Hippocampal cell culture 
The primary cell culture was prepared as described in detail in [15]. Briefly, 
postnatal day 1-3 Wistar rats were decapitated. This procedure was performed in 
accordance with the regulations of the Polish Animal Welfare Act. The 
hippocampi were dissected, sliced, treated with trypsin, mechanically dissociated 
and centrifuged twice at 40 g, plated in Petri dishes, and cultured. The presence 
of glia was diminished using Ara-C (cytosine-D-arabinofuranoside) applied  
2 days after preparation at a concentration of 1 μM. Electrophysiological 
recordings were made from pyramidal cells (judging from their shape) that were 
in culture for between 6 and 18 days. The stock of the recombinant human Epo 
was prepared by dissolving it in phosphate buffer saline. The cultured neurons 
were supplemented with Epo in the culture medium at a final concentration of  
20 U/ml for 0, 48 and 72 h before the recordings. The culture medium was 
exchanged (ca. 50% of volume) two or three times a week.  



CELLULAR & MOLECULAR BIOLOGY LETTERS 
 

651 
 

Developmental model 
As extensively explained in [16], GABAergic transmission in neuronal cultures 
in vitro undergoes key developmental changes related to the IPSC characteristics 
observed in vivo. Taking this into account, we examined the kinetics of mIPSCs 
during in vitro development in the model of cultured hippocampal neurons. To 
consider the developmental aspects, the cultures were arbitrarily divided into 
three age groups: 6-8, 9-11 and over 12 days in vitro (DIV).   
 
Electrophysiological recordings 
Currents were recorded in the whole-cell mode of the patch-clamp technique 
using a Multiclamp 700B (Molecular Instruments, Sunnyvale, CA, USA) at  
a holding potential (Vh) of -70 mV. The intrapipette solution contained 137 mM 
CsCl, 1 mM CaCl2, 2 mM MgCl2, 11 mM 1,2-bis(2-aminophenoxy) ethane-
N,N,N0-tetraacetic acid (BAPTA), 2 mM ATP, and 10 mM HEPES (pH 7.2 
with CsOH). The composition of the standard external solution was 137 mM 
NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 20 mM glucose, and 10 mM 
HEPES (pH 7.2 with NaOH). Miniature IPSCs were recorded in the presence of 
tetrodotoxin (1 µM) and kynurenic acid (1 mM). For the whole-cell recordings, 
the patch pipettes had 3-4.5 MΩ when filled with internal solution. The whole-
cell recordings were considered for analysis when the access resistance was 
below 20 MΩ. Typically, the access resistance was in the range 8-15 MΩ. 
Occasionally, the series resistance compensation procedure was applied at  
20-80%. The cells in which the series resistance showed instability during 
recordings were not considered in the analysis. Any recordings in the whole-cell 
mode were started at least 3 min after the patch rupture. This time was sufficient 
to stabilize the recording conditions. For acquisition and analysis, the pClamp 
9.2 software (Molecular Instruments, Sunnyvale, CA, USA) was used. For the 
analysis of the synaptic currents, the current signals were low-pass filtered at  
3 kHz with a Butterworth filter and sampled at 10 kHz using the analog-to-
digital converter Digidata 1322 (Molecular Instruments, Sunnyvale, CA, USA).  
All the chemicals used were from Sigma-Aldrich (Steinheim, Germany), except 
the BAPTA (Merck, Warsaw, Poland), tetrodotoxin (Latoxan, Valence, France), 
and HEPES and NaOH (Karl Roth, Karlsruhe, Germany). 
 
Data analysis 
The mIPSC parameters such as amplitude, frequency and area were determined 
with the pClamp 9.2 software (Molecular Instruments, Sunnyvale, CA, USA). 
The deactivation current was fitted with a sum of two exponential functions: 

)/exp()/exp()( 21 slowfast tAtAty ττ −+−=  where A1 and A2 are the 
percentages and τfast and τslow are the time constants. For normalized currents,  
A1 + A2 = 1. The mean time constant was calculated as τmean = A1τfast + A2τslow. 
The data is expressed as ± SEM, and Student’s unpaired t-test was used to compare 
the data. All the experiments were performed at room temperature (22-24ºC).  
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RESULTS 
 
To investigate the effect of Epo on GABAergic transmission, mIPSCs were 
measured in the whole-cell mode at a holding voltage of -70 mV. The presence 
of TTX (1 µM, a blocker of voltage-gated sodium channels) blocked the action 
potential-driven synaptic transmission revealing the mIPSCs resulting from  
a spontaneous transmitter release. Glutamatergic currents were eliminated by the 
application of an aspecific blocker of ionotropic glutamate receptors  
(1 mM kynurenic acid). Under these conditions, GABAergic mIPSCs were 
revealed as inward currents (Fig. 1 A). Acute application of Epo (20 U/ml) to the 
culture medium during the recordings (0 h) did not affect the characteristics of 
the mIPSCs in the investigated groups of neurons (n = 5, data not shown). The 
presence of Epo and its receptor in the developing brain and their persistence in 
the mature brain [11, 13] suggest a time-dependent action on neurons. Therefore, 
we considered a long-term treatment with Epo by supplementing the culture 
medium with this drug for 48 and 72 h before recordings. Between 6 and 8 DIV, 
the amplitude of the mIPSCs was -48.55 ± 2.02 pA (n = 25), and this parameter 
was not significantly changed either by the time in vitro or by treatment with 
Epo (n equals at least 17 in each group, data not shown). As described in detail 
in [16], the frequency of mIPSCs clearly increased with age, but this parameter 
was not affected by the addition of Epo (n equals at least 17 in each group, data 
not shown). The time course of the IPSC is characterized by a rapid onset and 
considerably slower decaying phase (Fig. 1 B). Since the synaptic agonist is 
present very briefly in the synaptic cleft (for less than 1 ms, see [17, 18]), the 
decaying phase of the mIPSCs is commonly believed to reflect the kinetics of 
the deactivation process (current time course following an abrupt removal of the 
agonist). For all the considered experimental groups, the deactivation kinetics 
could be well described by a sum of two exponentials, and the mean deactivation 
time constant (τmean) was calculated as described in the Materials and Methods 
section. Under control conditions at 6 to 8 DIV, the average decaying time 
constant τmean was 46.3 ± 1.77 ms (n = 25), and as expected, it became shorter 
with age (44.4 ± 1.9 ms, n = 17 and 39.4 ± 1.3 ms, n = 20 for 9-11 and 12+ DIV 
respectively, p < 0.05, Fig. 1 C). As already discussed in [16], such an 
acceleration of mIPSCs reflects a developmental regulation of the GABAergic 
system that is correlated with increased expression of the α1 subunit. Interestingly, 
a detailed analysis of the time course of mIPSCs revealed that administering Epo 
modulated the deactivation kinetics, but this effect critically depended on the 
developmental stage. In this model, 48 and 72 h treatment with Epo significantly 
reduced the τmean of the recorded mIPSCs at 6-8 DIV, by 18 and 13% respectively 
(p < 0.05, Fig. 1 B, C). This change was a consequence of a decrease in the 
percentage of the slower component of the decaying phase from 0.56, respectively 
to 0.45 (n = 17) and 0.46 (n = 20; p < 0.05). The effect of Epo treatment was not 
observed in the 9-11 and 12+ DIV age groups, indicating that long-term treatment 
with this drug only alters mIPSC kinetics at early developmental stages. 
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Fig. 1. The impact of Epo on the kinetics of mIPSCs recorded in a hippocampal neuronal 
culture. A – Examples of mIPSCs recorded at -70 mV under control conditions.  
B – Typical averaged and superimposed mIPSCs recorded under control conditions (black 
line) and in the 6-8 DIV culture treated for 48 h with Epo (grey line). Note the shortening 
of the decaying phase. C – Statistics of the effects of Epo treatment on the mean decay 
time constant (τmean) for different age groups. The asterisk indicates a significant 
difference between the compared values. 
 
DISCUSSION 
 
In this study, to the best of our knowledge, we provide the first evidence that 
GABAergic transmission is regulated by Epo during development in vitro. 
Importantly, the modulatory effect of Epo reported on here is restricted to the 
early phases of development. This observation indicates that there is a restricted 
time-window within which GABAergic synaptic currents are particularly 
sensitive to modulation by Epo. Such a clear Epo effect limited to the earliest 
developmental stage considered here is particularly interesting in the light of 
previous findings that the Epo level changes with development, being highest at 
early stages of gestation [1]. On the other hand, Epo treatment did not affect the 
mIPSC amplitude or frequency, indicating that this compound does not affect 
the number of GABAergic synapses or the number of GABAA receptors in the 
individual synapses. The impact of such Epo modulation of mIPSCs at the 
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neuronal network level is not clear. IPSC shortening reduces the charge transfer 
and therefore the impact of IPSC on the membrane voltage. However, since 
GABA is known to induce depolarization rather than hyperpolarization at early 
developmental stages [19], such an effect on phasic GABAergic currents is 
expected to reduce the network excitability. Miniature IPSC shortening is  
a hallmark of neural network maturation and it is believed that such a process is 
associated with network refinement, giving rise to an improved coincidence 
detection. However, our data is insufficient to assess the Epo effect on neuronal 
network performance, and thus the specific role of Epo-mediated mIPSC 
acceleration remains to be elucidated.   
The major question is whether the observed modulation of GABAergic currents 
by Epo is reproduced in vivo. A definite answer to such a question will require 
performing slice recordings on Epo-treated animals, but it is worth emphasizing 
that the model used in this study, although clearly distant from the in vivo 
conditions, maintains key developmental features (see [16]). Another question 
that cannot be answered based on this data is the mechanism whereby Epo 
affects mIPSCs in the 6-8 DIV group. The lack of any effect of Epo on mIPSCs 
when acutely applied to the fluids surrounding neurons indicates an indirect 
action of this modulation, but elucidating its nature will require additional 
studies. We conclude that Epo may affect GABAergic transmission and that this 
modulation occurs at an early stage of development in vitro. 
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