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In the developing nervous system, spontaneous neuronal activity arises independently of experience or any environmental input. This
activity may play a major role in axonal pathfinding, refinement of topographic maps, dendritic morphogenesis, and the segregation of
axonal terminal arbors. In the auditory system, endogenously released ATP in the cochlea activates inner hair cells to trigger bursts of
action potentials (APs), which are transferred to the central auditory system. Here we show the modulatory role of purinergic signaling
beyond the cochlea, i.e., the developmentally regulated and cell-type-specific depolarizing effects on auditory brainstem neurons of
Mongolian gerbil. We assessed the effects of P2X receptors (P2XRs) on neuronal excitability from prehearing to early stages of auditory
signal processing. Our results demonstrate that in neurons expressing P2XRs, extracellular ATP can evoke APs in sync with Ca 2� signals.
In cochlear nucleus (CN) bushy cells, ATP increases spontaneous and also acoustically evoked activity in vivo, but these effects diminish
with maturity. Moreover, ATP not only augmented glutamate-driven firing, but it also evoked APs in the absence of glutamatergic
transmission. In vivo recordings also revealed that endogenously released ATP in the CN contributes to neuronal firing activity by
facilitating AP generation and prolonging AP duration. Given the enhancing effect of ATP on AP firing and confinement of P2XRs to
certain auditory brainstem nuclei, and to distinct neurons within these nuclei, it is conceivable that purinergic signaling plays a specific
role in the development of neuronal brainstem circuits.

Introduction
Early in development of the auditory and visual systems, endog-
enously generated spontaneous action potentials (APs) provide
an important instructive signal for the refinement of sensory
maps before the actual function commences (Shatz, 1996; Eglen
and Gjorgjieva, 2009). In the auditory system, patterned firing
activity was observed before hearing onset in several nuclei along
the ascending auditory pathway (Walsh and McGee, 1988; Rüb-
samen and Schäfer, 1990; Lippe, 1994; Jones et al., 2007; Sonntag
et al., 2009). Such activity is likely to support survival of target
neurons, tonotopic refinement of afferent connections, and ad-
justment of synaptic strength (Friauf and Lohmann, 1999; Rubel
and Fritzsch, 2002; Leake et al., 2006; McKay and Oleskevich,
2007; Kandler et al., 2009). Before the onset of hearing, ATP-
mediated activation of the cochlear inner hair cells evokes APs in
the spiral ganglion neurons (SGNs) (Tritsch and Bergles, 2010),
which provide synaptic inputs to second-order neurons in the
cochlear nucleus (CN) (Feldman and Harrison, 1969; Fekete et
al., 1984; Liberman and Oliver, 1984). However, purinergic sig-
naling in the developing auditory system is not restricted to the

organ of Corti. Recently, it was shown that activation of P2 puri-
noreceptors evokes APs in spherical bushy cells (SBCs) of the CN
(Milenkovic et al., 2009). The modulatory effect of ATP on AP
firing was observed before and shortly after the onset of hearing.
It is mediated by P2X receptors (P2XR) and engages increase in
cytosolic Ca 2�, the activation of protein kinase C (PKC), and
possibly the inhibition of IKL conductance. These data raised the
question whether purinergic signaling might attune the activity
of central auditory neurons and thereby contribute to develop-
mental processes. In Mongolian gerbils, P2Rs show a differential
distribution in the anteroventral cochlear nucleus (AVCN), i.e.,
they are present on SBCs, but not on stellate cells (Milenkovic et
al., 2009). Purinergic signaling was also shown in neurons of the
lateral superior olive (LSO) (Kreinest et al., 2009) and the medial
nucleus of the trapezoid body (MNTB) (Watano et al., 2004). It
still remains inconclusive what neuron types within the auditory
brainstem underlie purinergic modulation and whether such
modulation may be engaged in the adjustment of the activity level
during early postnatal development. The present study reports in
vivo and in vitro data on the developmental profile of P2R-
mediated responses in neurons of the CN, LSO, MNTB, and the
medial superior olive (MSO). We provide evidence for cell-
specific and developmentally regulated purinergic enhancement
of glutamate-driven neuronal activity, mediated by mechanisms
involving ATP-induced membrane depolarization and increase
in [Ca 2�]i.

Materials and Methods
All experimental procedures were approved by the Saxonian district
Government (T 52/09, T 115/10 and TVV 06/09), Leipzig, and were done
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according to the European Communities Council Directive of Novem-
ber 24, 1986 (86/609/EEC).

Slice preparation and maintenance
Acute slices were generated either in parasagittal or coronal plane (200
�m) from the brainstem of Mongolian gerbils (Meriones unguiculatus) of
either sex aged P3–P21. Dissections were performed in a cold (3�4°C),
low-calcium artificial CSF (ACSF) solution containing the following (in
mM): 125 NaCl, 2.5 KCl, 0.1 CaCl2, 3 MgCl2, 1.25 NaH2PO4, 25
NaHCO3, 25 glucose, 2 sodium pyruvate, 3 myo-inositol, and 0.5 ascor-
bic acid, continuously equilibrated with 5% CO2 and 95% O2, pH 7.4.
The brainstem was cut on a vibratome (Microm HM 650) and the slices
comprising the CN, LSO, MSO, or MNTB were transferred into a beaker
containing standard recording solution (ACSF same as for slicing, except
for CaCl2 and MgCl2, which were changed to 2 and 1 mM, respectively),
incubated for 30 min at 37°C and stored at room temperature (RT) until
recording. Experiments were made at RT (21�23°C) except for the
EPSCs and IPSCs recordings, which were done at 33 � 0.5°C.

Whole-cell recordings and post hoc visualization of recorded cells
Whole-cell recordings and [Ca 2�]i measurements were made in a re-
cording chamber (1 ml volume superfused with ACSF at 1.5–2 ml/min)
positioned on a stage of an upright microscope (Axioskop 2, 40� water-
immersion objective; Zeiss). Patch pipettes were pulled from borosilicate
glass capillaries (Science Products) to have resistances of 3–5 M� when
filled with internal solution containing the following (in mM): 130
potassium-gluconate, 10 KCl, 1 NaCl, 0.05 CaCl2, 10 HEPES, 0.1 EGTA,
and 0.2% biocytin ( pH 7.3 with KOH). For recordings of evoked EPSCs
and IPSCs, the pipettes had resistances of 2.2–3.3 M� when filled with
the following (in mM): 140 CsMeSO3, 20 TEA-Cl, 3.3 MgCl2, 10 HEPES,
0.1 EGTA, 5 QX-314, and 0.2% biocytin ( pH 7.3 with CsOH). Both
pipette solutions were supplemented with 5 mM phosphocreatine, 2 mM

ATP disodium salt, and 0.3 mM GTP disodium salt. All voltages were
corrected off-line for empirically determined junction potentials of 14
and 11 mV, respectively. The recordings were acquired using a Multi-
clamp 700B amplifier (Molecular Devices) in current-clamp or voltage-
clamp mode. Access resistance (Rs) ranged from 4 to 10 M� and it was
compensated by �60% in voltage-clamp recordings. Current-clamp re-
cordings were done from the membrane potential of �60 mV, approxi-
mately corresponding to the resting membrane potential of investigated
neurons (MNTB: Banks and Smith, 1992; LSO: Kandler and Friauf, 1995;
MSO: Smith, 1995; Smith et al., 2000; Balakrishnan et al., 2003; Leao et
al., 2004; Magnusson et al., 2005; CN: McGinley and Oertel, 2006; Price
and Trussell, 2006; Milenkovic et al., 2007) and bridge balance and pi-
pette capacitance neutralization were set and adjusted accordingly. Re-
corded signals were sampled at 10 kHz and lowpass filtered at 2 kHz
except for evoked postsynaptic currents (PSCs), where data were digi-
tized at 20 kHz and filtered at 6 kHz. Data analysis was done with pClamp
10 software (Molecular Devices). Application of the metabolically stable
P2R agonist, ATP�S (Chung et al., 1991), and glutamate, which served as
a control for the cell’s vitality, was done through a wider tip patch pipette
mounted on a Picospritzer (General Valve). To assure constant stimula-
tion conditions, pipette diameter, application pressure and duration, and
distance from the cell were always kept constant (3 �m, 2 psi, 150 ms, 20
�m, respectively). The size of the puff was adjusted in initial experiments
by measuring dispersion of the fluorescent dye ATTO 488. The perfusion
was turned off just before each puff application to avoid unequal dilution
of the agonist. Application of ACSF evoked no response, whereas ATP�S
evoked membrane depolarization and inward currents in the same neu-
rons. The responses were considered significant when in the z test the
calculated z-scores were �3 or z � �3 [z � (A � BL)/SDBL, with A being
the maximal amplitude of the response, BL the mean of the baseline for
2 s before stimulation, SDBL the SD of the baseline]. For instance, average
z-scores for the voltage-clamp responses under the above two conditions
were as follows: ACSF � 0.4 � 0.4, ATP�S � �51.4 � 14.8, n � 5.

Antagonists and blockers were diluted in ACSF and applied to the slice
by superfusion. The blockers of glutamate, GABA, and glycine receptors
(10 �M NBQX, 50 �M AP-V, 20 �M SR95531, 3 �M CGP55845, and 0.5
�M strychnine) were added to exclude possible effects of presynaptic
P2Rs (Watano et al., 2004; Kreinest et al., 2009).

Recordings of EPSCs and IPSCs in SBCs were done by electrical stim-
ulation of afferent fibers through a bipolar theta glass electrode (tip di-
ameter 5 �m; Sutter Instruments) filled with bath solution. To
investigate whether ATP might be released from the auditory nerve, or
from the inhibitory synaptic inputs, single shock (100 �s) was applied
every 15 s, delivered via an isolated stimulus unit (AMPI Iso-flex).
Evoked PSCs were recorded at �60 mV under pharmacological inhibi-
tion of GABAA and glycine receptors (20 �M SR95531, 0.5 �M strych-
nine), for EPSCs, or under Glu-R antagonists (10 �M NBQX, 50 �M

AP-5), for IPSCs. In both experiments, 3 �M CGP55845 was added to
block the GABAB receptors. Stimulation was set to minimal intensity that
reliably evokes currents of stable amplitudes (20 – 80 V); under these
conditions no fiber recruitment was observed. Mean peak amplitudes
and time constant (�) were measured by averaging �5 repetitions.

Morphological characterization of the recorded neurons was assessed
(as previously shown for CN neurons; Milenkovic et al., 2009) by a post
hoc labeling of biocytin-filled neurons with Cy2-conjugated streptavidin,
according to the protocol described by (Bischofberger et al., 2006). After
recording and fixation in 4% paraformaldehyde (PFA; in 0.1 M PBS, pH
7.3), the slices were washed (6 � 5 min with TBS and 6 � 5 min with
TBS/0.3% Triton X-100) and incubated with Cy2-conjugated streptavi-
din (5 �g/ml; Jackson ImmunoResearch) 2.5 h at RT. Labeled cells were
examined by confocal laser scanning microscopy (TCS PS5; Leica).

Fluorometric Ca 2� measurements
For fluorometric Ca 2� measurements two approaches were used. (1)
The slices were bulk labeled by incubation in ACSF supplemented with
Fura 2 acetoxymethyl ester (10 �M Fura-2 AM; Invitrogen) and 0.025%
(w/v) pluronic acid, for 30 min at 37°C, as described previously (Milen-
kovic et al., 2009). (2) Alternatively, the measurement of intracellular
calcium was performed simultaneously with whole-cell recordings. In
the latter case, the potassium gluconate-based intracellular solution was
supplemented with Fura 2 (50 –100 �M). Since the different labeling
protocols had no influence on the calcium signal properties, the data
were pooled together. The data obtained by the two approaches are
shown in Figure 1 F.

Pairs of images were obtained by alternating 340 and 380 nm light
excitation generated by a monochromator (Polychrome V; TILL Pho-
tonics); the fluorescence emission was long-pass filtered (D510,
Fura-2 filter set; Chroma Technology). Pairs of images with full spa-
tial resolution were acquired at 4 Hz with a cooled interline transfer
CCD camera (IMAGO Typ VGA; TILL Photonics) and the ratios (r �
F340/F380) were calculated from the regions of interest (ROI) marking
the soma of the recorded neuron. From ratio values, fluorescence
changes relative to baseline fluorescence were calculated (	R given as
percentage). Background fluorescence was subtracted using appro-
priate software (TILLvision; TILL Photonics). Data obtained in single
cells depict average calcium responses from three to five applications.
In the range of physiological Ca 2� concentrations, the ratio values are
linearly related to the changes in [Ca 2�]i (Grynkiewicz et al., 1985).
The significance of the Ca 2� transients was calculated by a z test (z �
3) analogous to the procedure described for whole-cell recordings,
except for the baseline, which was determined as average fluorescence
of 10 consecutive images before stimulation. Cells with high initial
ratio values and the cells that did not return to baseline after stimu-
lation were excluded from analysis.

In vivo recordings
All recording experiments were performed in a sound-attenuated cham-
ber (Type 400; Industrial Acoustic) with the custom-made stereotaxic
animal holder positioned on a vibration-isolated table.

Animal preparation. In vivo data were obtained from 11 adult gerbils
(�P60) and 31 gerbils P13–P23 of either sex. Additional 24 prehearing
gerbils (P8 –P10) were tried for recordings with multibarrel electrodes
and iontophoretic application of drugs. While the conventional glass
electrode recordings could be performed in these animals, with multi-
barrel electrodes it was not possible to assess stable recordings over lon-
ger periods of time (at least 200 s are necessary). This is presumably due
to the soft consistency of immature tissue and poor myelination.
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Before surgical preparation, animals were anesthetized with an initial
intraperitoneal injection of a mixture of ketamine hydrochloride (adults:
0.18 mg/g; others: 0.1 mg/g body weight) (Ketavet; Pfizer) and xylazine
hydrochloride (adults: 0.007 mg/g; others: 0.005 mg/g body weight)
(Rompun; Bayer). During recording sessions, anesthesia was maintained
by additional subcutaneous application of one-third of the initial dose

(approximately every 60 min in adults, 90 min in P13–P23). The skull of
the experimental animal was exposed along the dorsal midsagittal line,
and a small metal bolt for fixing the animal in the stereotaxic device was
glued to the skull at the bregma point. Two holes were drilled through the
occipital bone, 1800 –2300 �m caudal to the lambda suture. One hole
(diameter 0.5 mm) was used to position the reference electrode in the

Figure 1. Developmental profile of P2X-mediated responses in SBCs. A, Exemplary whole-cell recordings from SBCs at different developmental stages (P5, P10 prehearing, and P17 after hearing
onset). ATP�S was applied through the puff-pipette (150 ms, 2 psi, 20 �m to cell soma). Ca 2� measurements were done simultaneously with current-clamp recordings (Vh ��60 mV). All traces
originate from the respective biocytin-labeled neurons shown below. The P10 neuron is shown in two magnifications to visualize the course of the axon passing along the ventral acoustic stria (left)
and the morphology of the dendritic tree (right). The morphology of recorded cells characterizes them as SBCs. Note that the ATP�S-induced responses are downregulated during development. In
P17 SBC, additional application of glutamate was done to confirm cells’ vitality. B, Percentages of neurons responding to ATP�S. C, Mean membrane potential changes elicited by ATP�S. D,
Percentages of neurons generating APs in response to ATP�S. E, Number of APs in the SBCs shown in D. ANOVA yielded no difference between the groups. F, Changes in fluorescence ratios indicating
calcium responses to ATP�S. Black circles show values obtained in simultaneous whole-cell-Ca 2� imaging experiments from morphologically characterized SBCs. The remaining data are from SBCs
in bulk-labeled slices. Data shown in bars are pooled from both approaches. Data in B and D are percentage; C, E, and F depict mean � SEM. C, F, *p � 0.05, ANOVA. Cell numbers are indicated in
parentheses.
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superficial cerebellum, while the recording electrode penetrated through the
other opening (diameter 1 mm). The drill hole for the reference electrode
was located on the midline, while the second hole was drilled 1 mm lateral to
the midline for the AVCN recordings, and vice versa for the MNTB record-
ings. Both nuclei were approached dorsally with the animal tilted at 14–18
and 2–6° to the midsagittal plane, for the AVCN and MNTB, respectively.
During experiments, the body temperature was kept between 37.5 and
38.5°C by positioning the animal on a temperature-controlled heating pad.

Acoustic stimulation. Acoustic stimuli were generated by custom-
written MATLAB software (The MathWorks) at a sampling rate of 97.7
kHz. The stimuli were transferred to a real-time processor (RP2.1;
Tucker-Davis Technologies), D/A converted, and sent to custom-made
earphones (acoustic transducer: DT 770 pro; Beyer Dynamics). The ear-
phones were fitted with plastic tubes (length 35 mm, diameter 5 mm) and
positioned into the outer ear canal at a distance of 
4 mm to the ear-
drum. Three stimulation protocols were used. (1) The excitatory re-
sponse areas of extracellularly recorded single units (see below) were
measured by random presentation of pure tone pulses (100 ms duration,
5 ms rise-fall time, 100 ms interstimulus interval) within a predefined
matrix of frequency/intensity pairs (20 frequencies on a logarithmic
scale, 10 intensity levels on a linear scale, 4 – 5 repetitions). From these
data, characteristic frequency (CF; stimulus frequency to which the unit
is most sensitive) and threshold were obtained and used for the next
protocol. (2) Temporal response properties of single units (see below)
were measured during a repetitive two-tone presentation. Stimulation
protocol consisted of 100 ms long excitatory tones at cells’ CF presented
20 dB above threshold, in which a second, inhibitory tone was embedded.
The latter had duration of 50 ms and started with a 25 ms delay after the
onset of the excitatory tone; the frequency was set to the unit’s individual
inhibitory sideband, 20 –30 dB above threshold. This two-tone combi-
nation was repeated 100 times with 500 ms interstimuli intervals.
Peristimulus time histograms (PSTHs) were generated from these data-
sets and served for evaluation of the neurons temporal response patterns,
spike latencies, jitter of evoked responses, and firing rates. First spike
latency (FSL) was determined as the median value of the time between
the onset of the stimulus and the first evoked spike, calculated for each
repetition, and jitter of the responses as the SD of the FSL. In units lacking
inhibitory sidebands, single tone stimulations were applied. (3) Neuro-
nal spontaneous discharge activity was acquired in absence of acoustic
stimulation and used to obtain average firing rate and mean waveform of
the recorded signals. In a few cases, when quality of recording abruptly
decreased during data acquisition, spontaneous activity was obtained
from silent interstimuli intervals (the last 350 ms of each interval) defined
above. Protocols (2) and (3) were performed before, during, and after the
pharmacological application.

Data analysis. The stereotaxic coordinates of the AVCN and the
MNTB were determined by the on-line analysis of acoustically evoked
multiunit activity. For this purpose, glass micropipettes (GB150F-10;
Science Products) with impedances of 1–5 M� filled with 3 M KCl were
used. In the AVCN, the most rostral part (frequencies �4000 Hz) was
targeted considering the tonotopic organization of the nucleus (high
frequencies are located caudally and dorsally, low frequencies rostrally
and ventrally) as described previously (Kopp-Scheinpflug et al., 2002;
Dehmel et al., 2010). The MNTB was distinguished from other nuclei in
the superior olivary complex (SOC) by the monaural, contralateral exci-
tation of its units (Kopp-Scheinpflug et al., 2008). In seven animals re-
cording sites were additionally histologically verified by iontophoretic
injection of Fluorogold (4 �A for 7 min). After 4 – 6 h, animals were
perfused via the left heart ventricle with 0.9% NaCl solution followed by
5% PFA. The brain was cut on a vibratome and the tissue sections (100
�m thick) were visualized under the confocal laser scanning microscope.

Following multiunit mapping, juxtacellular single unit recordings
including pharmacological manipulations were performed using three-
and four-barreled piggyback electrodes (Havey and Caspary, 1980;
Dehmel et al., 2010) with the following features: tip diameter 5– 8 �m,
recording barrel protruding 15–25 �m, impedance 8 –15 M� (GB200F-
10, 3GB120F-10, and 4GB120F-10; Science Products). The acquired
voltage signals were pre-amplified (Neuroprobe 1600; A-M Systems),
bandpass filtered (0.3–7 kHz), and further amplified (PC1; Tucker-Davis

Technologies). Voltage traces were then digitized at a sampling rate of
97.7 kHz (RP2.1; Tucker-Davis Technologies) and stored for off-line
analysis using custom-written MATLAB software. Three criteria were
used to classify single unit recordings: (1) changes in the spike height did
not exceed 20% (in average 12.4 � 0.7%, n � 30), (2) uniform wave-
forms, and (3) signal-to-noise ratio at least 8:1. The typical feature of
MNTB principal neurons was the characteristic complex waveform con-
sisting of the calyceal potential (“prepotential”) and postsynaptic AP
(Guinan and Li, 1990; Wu and Kelly, 1992; Englitz et al., 2009; Tolnai et

Figure 2. P2XR current decreases with maturity. A, Mean peak currents evoked by ATP�S in
SBCs of different postnatal ages. Current amplitudes gradually decrease to P15, after which a
marked reduction is observed. B, Plots of voltage as a function of injected current for 18 SBCs
from P13–P15. Inset shows responses of the SBC depicted by the thin black line in the graph.
The steady-state voltage was determined at the point shown by the arrow and plotted in the
graph. The slope of these plots at the resting membrane potential is the input resistance, on
average 84.8 � 3.7 M� (n � 18). C, Developmental change of input resistance of SBCs. The
most notable change occurs between P3–P5 and P7–P9. Error bars indicate mean � SEM. Cell
numbers are given in parentheses. *p � 0.05.
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al., 2009). Also the SBCs of the AVCN were
identified by the complex waveform of the re-
corded discharges (Pfeiffer, 1966; Winter et al.,
1990; Englitz et al., 2009; Typlt et al., 2010)
and/or by the primary-like PSTH (Blackburn
and Sachs, 1989). The accurate analysis of the
complex waveforms was done using a fitting
method, which decomposes the extracellularly
recorded signal into its presynaptic and post-
synaptic components (Sonntag et al., 2011).
However, due to the smaller size of the prepo-
tential signal in the AVCN than in MNTB, and
the higher noise susceptibility in recordings
with multibarrel electrodes, the fitting method
could be applied only to a limited number of
recordings. Drugs (ATP: 200 mM, pH 8;
ATP�S: 200 mM, pH 8; TNP-ATP: 1 mM, pH 8;
kynurenic acid [KynA]: 200 mM, pH 8; glycine:
400 mM, pH 4) were applied iontophoretically
(EPMS 07; npi electronics) with increasing
current steps (ATP, ATP�S, TNP-ATP: �50 to
�150 nA; KynA: �5 to �50 nA; glycine �5 to
�50 nA) separated by at least 60 s. Holding
current for each barrel was �20 nA. A balanc-
ing channel was used to alleviate current effects
(barrel filled with 1 M sodium acetate). In con-
trol experiments the carrier alone (aqua dest.,
pH 8) was applied (�50 to �150 nA). Specific
responses to drugs were defined as a sustained
increase in neuronal activity �20% when ap-
plying ATP or ATP�S, and sustained decrease
in activity �20% for TNP-ATP, KynA, and
glycine application.

Statistics
Datasets were tested for Gaussian distribution be-
fore comparison by the Student’s t-test or
ANOVA followed by pairwise multiple compari-
sons (Holm–Sidak post hoc test) (Sigma Plot 11;
Systat Software). In case of a non-Gaussian distri-
bution, nonparametric tests were applied, such as
Mann–Whitney rank sum test or ANOVA on
ranks. Repeated measures (RM) ANOVA was ap-
plied to the test for effects of drugs, i.e., before-
drug, drug, and after-drug conditions for the
group of cells. In some diagrams, dots represent-
ing single cells are added to the bars to illustrate
data distribution. Average data are reported as
mean � SEM values, unless otherwise noted.

Results
Developmental regulation of P2XR
responses in the CN
The developmental profile of P2XR-mediated
responses in auditory brainstem neurons was
investigated by assessing the effects of ATP�S
in vitro and in vivo. For in vitro experiments,
ATP�S was pressure ejected onto the soma of
recorded cell, and each cell was morphologi-
cally characterized by a post hoc labeling of
biocytin, administered through the patch pi-
pette. Consistent with our previous study
(Milenkovic et al., 2009), the activation of
P2XRs on SBCs in prehearing gerbils in-
duced trains of APs that temporally
matched the transient inward current and
the intracellular Ca2� signal (Fig. 1A).

Figure 3. ATP increases spontaneous activity of SBCs in vivo. A, Top, Complex waveform used as a criterion to identify SBCs in the
rostral AVCN (Englitz et al., 2009; Typlt et al., 2010). Thick line shows mean waveform for 1767 spikes, thin gray lines � SD. The
representative extracellularly recorded signal is decomposed into its presynaptic (P) and postsynaptic components (A-EPSP, and
B-AP). A, Bottom, Exemplary trace of SBC discharges during iontophoretic application of glycine (400 mM, black bar), which causes
a complete but reversible inhibition of spontaneous spiking activity. B, Iontophoretic application of ATP (200 mM, gray bar)
reversibly increases firing in an SBC. C, Changes in spontaneous spiking elicited by ATP (200 mM) in P13–P16 and P20 –P23 gerbils.
D, Application of dH2O (vehicle) has no effect on AP firing. Circles are data from individual cells; error bars indicate mean � SEM.
*p � 0.05.
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The magnitude of the effect was de-
pendent on animals’ age, indicated by the
decrease in the number of cells showing
significant responses. Whereas in P3–P5
animals, 19 of 20 (95%) SBCs were signif-
icantly depolarized by ATP�S, only 6 of 12
(50%) responded in P16 –P18 animals
and 1 of 9 at P19 (11%) (Fig. 1B). Devel-
opmental changes are also evidenced by a
decrease of the ATP�S-evoked depolar-
ization from P3–P21 (Fig. 1C). Since
ATP�S readily induces APs (especially in
the animals from P3–P5 and P7–P9; Fig.
1D), the average maximum membrane
depolarization in such cells was estimated
from three to five applications excluding
the APs. The number of cells generating APs
upon ATP�S application showed a develop-
mental reduction; while in P3–P5 animals
79% responded with APs, only 32% did so
in P10–P12, and no APs were elicited in an-
imals older than P12 (Fig. 1D). In those
neurons that showed ATP�S-induced APs,
a trend toward fewer APs was observed with
increasing maturity, but differences did not
reach statistical significance (Figure 1E)
(P3–P5 � 20.8 � 4.6, n � 15; P7–P9 �
18.5 � 6.7, n � 10; P10–P12 � 13.8 � 6.0,
n � 7; p � 0.54, ANOVA, Holm–Sidak
post hoc test). In the same SBCs, the aver-
age voltage change decreased with age
(P3–P5 � 24.6 � 1.3 mV, n � 15; P7–
P9 � 22.7 � 1.7 mV, n � 10; P10 –P12 �
17.0 � 1.8 mV, n � 7; p � 0.011 for P3–P5
vs P10-P12, ANOVA, Holm–Sidak post
hoc test). The lack of APs in animals �P12
is likely due to the small depolarization
(�7 mV) insufficient to reach the AP
threshold. Earlier we had shown that ATP�S elicits multiple APs
in SBCs through mechanisms engaging an increase in [Ca 2�]i

and activation of Ca 2�-dependent PKC (Milenkovic et al., 2009).
Therefore, we next examined whether the magnitude of a Ca 2�

signal might correlate with the presence of APs evoked by ATP�S
in prehearing animals. Indeed, not only the amplitude (Figure
1F) (mean baseline ratio � SD: P3–P5 � 0.46 � 0.11, n � 27;
P7–P9 � 0.53 � 0.22, n � 43; P10 –P12 � 0.39 � 0.10, n � 22;
P13–P15 � 0.32 � 0.02, n � 7; mean peak ratio change relative to
baseline 	R � SEM: P3–P5 � 26.4 � 1.7%; P7–P9 � 19.9 �
1.2%; P10 –P12 � 16.7 � 1.7%, P13–P15 � 4.3 � 0.5%; no
responses in P16 –P18 and P19 –P21 SBCs), but also the number
of cells showing a Ca 2� response was significantly decreased from
P10 –P12 to P13–P15 (cells showing significant [Ca 2�]i increase:
P3–P5 � 93%, n � 29; P7–P9 � 71%, n � 60; P10 –P12 � 42%,
n � 53; P13–P15 � 14%, n � 51). Since the magnitude of the
somatic Ca 2� signal did not differ with respect to the method
used for labeling cells with Fura 2, the data collected with both
approaches were pooled (average amplitude for bulk-labeled
cells: P3–P5 � 27.7 � 1.8%, n � 23, for simultaneous whole-cell
and Ca 2� recordings: P3–P5 � 19.3 � 4.6%, n � 4, p � 0.18,
Mann–Whitney rank sum test; bulk labeling: P7–P9 � 19.9 �
1.4%, n � 38, whole-cell and Ca 2� recordings: P7–P9 � 20.0 �
2.6%, n � 5, p � 0.99, Mann–Whitney rank sum test). These data
provide further support for the hypothesis that an increase in

[Ca 2�]i correlates with P2R-mediated firing activity (Milenkovic
et al., 2009). After P12, when the Ca 2� signals are strongly down-
regulated, APs could no longer be evoked in vitro.

The follow-up experiments addressed the potential causes for
the developmental reduction of purinergic responses in SBCs. A
gradual reduction in maximal ATP�S-evoked current amplitude
was seen from P3 to P15 followed by a strong decrease in P16 –
P18 SBCs (Fig. 2A). Previously we had ruled out any possible
contribution of P2Rs affecting the release of glutamate from pre-
synaptic terminals (Milenkovic et al., 2009). This notion is fur-
ther confirmed by the strong inhibitory effect of TNP-ATP
(100% current inhibition) (see below; see Fig. 8F), a potent an-
tagonist at receptors containing P2X1–3 subunits (Virginio et al.,
1998; North and Surprenant, 2000; Jarvis and Khakh, 2009)
(mean ATP�S-induced current at P7–P9 � 147.2 � 26.9 pA, n �
17; ATP�S � TNP-ATP � 0.2 � 0.7 pA, n � 8, p � 0.01, t test).

The abatement of the P2XR-mediated currents correlates with
the developmental change of input resistance (Rin) of SBCs. Fig-
ure 2C shows the Rin, calculated as the slope of the V-I relation-
ship at resting membrane potential as depicted in Figure 2B and
described previously (Cao et al., 2007; Chirila et al., 2007). Rin

continuously declined from young (P3–P5 � 334.5 � 19.0 M�;
n � 20) to older ages (P16 –P18 � 76.0 � 5.8 M�; n � 15). In
P16 –P18 SBCs, Rin approached the values measured at P19
(P19 –P21 � 53.9 � 5.1 M�; n � 10; Fig. 2C), which were in the

Figure 4. In vivo ATP-evoked APs in the absence of glutamatergic transmission. A, Exemplary recording of spontaneous activity
of an SBC, before, during, and after application of KynA (200 mM, black bar). Upon the complete cessation of glutamatergic APs,
application of ATP (200 mM, gray bar) causes a resumption of AP firing, yet without completely restoring the initial rate. B, AP firing
rate under different conditions: (before) spontaneous activity before application averaged for 90 s; (KynA) mean activity of last 3 s
before ATP; and (KynA � ATP) ATP application in the presence of KynA, mean activity for the whole duration of application was
considered (mean application duration 28.3 � 4.4s, n � 4) and (after) mean activity for 60 s period after the end of KynA
application. Circles are data from individual cells. Error bars indicate mean � SEM; *p � 0.05, ANOVA on ranks. C, Top, Mean
waveform for control condition (black, n � 714). Bottom, Mean waveform during KynA � ATP application (gray, n � 76). Note
that the complex waveform of the SBC discharges recorded under the KynA � ATP condition lacks the presynaptic signal compo-
nent (P). The latter signals also have longer response rise time from the EPSP to the postsynaptic AP (A-B) than APs evoked by
synaptic release of glutamate (black trace).
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same range as values recorded in bushy cells of the adult rat
(Francis and Manis, 2000). Thus, the passive electrical properties,
typical for more mature animals, are attained shortly after hear-
ing onset. Membrane time constant values (�membrane measured
at RT) decreased from 7.5 � 0.5 ms at P3–P5 (n � 20) to 3.8 � 0.1
ms at P10 –P12 (n � 62), 2.5 � 0.1 ms at P13–P15 (n � 18), and
1.2 � 0.2 ms at P19 –P21 (n � 10). These data are in agreement
with the developmental profile of neurons in the gerbil MSO,
where no further reduction of Rin and �membrane was seen after
P17 (Magnusson et al., 2005; Chirila et al., 2007).Together, our
data demonstrate the developmental downregulation of puriner-
gic responses in SBCs, caused by the reduction of membrane
currents through P2XRs, abatement of calcium transients, and
decrease of input resistance.

ATP increases neuronal activity in vivo
To evaluate the functional significance of the above results, the
effects of the P2R activation were investigated in vivo. We con-
ducted extracellular recordings at the rostral pole of the AVCN
and targeted the large SBCs as the dominating neuron type in the
low-frequency area (Tolbert et al., 1982; Rouiller and Ryugo,
1984; Hackney et al., 1990; Ostapoff et al., 1994; Bazwinsky et al.,
2008). The recordings were performed shortly after the gerbil’s
hearing onset and paired with iontophoretic applications of ATP
and glycine using multibarreled piggyback electrodes. A total of
52 units was recorded in 26 P13–P65 gerbils. Thirty-nine units
showed both the characteristic complex waveform (Fig. 3A, top)
and primary-like PSTHs (Fig. 5A), while the remaining 13 units
showed either one of these SBCs characteristics (Pfeiffer, 1966;
Rouiller and Ryugo, 1984; Blackburn and Sachs, 1989; Englitz et
al., 2009; Typlt et al., 2010). Sound-evoked activity in these units
yielded CFs in the range of 900 – 4600 Hz (mean 2458 � 128 Hz,
n � 52). Control applications of glycine were performed in all
units, and led to a complete, but reversible, inhibition of sponta-
neous AP firing (Fig. 3A, bottom). The application of ATP in-
duced rapid and persistent increase in spontaneous activity by
139 � 68% in P13–P16, and by 80 � 33% in P20 –P23 SBCs. The
activity reverted back to the basal level after the cessation of ap-
plication (Fig. 3B,C). The initially higher rates in P20 –P23 SBCs
could possibly contribute to the smaller ATP-induced percentage
change with respect to the P13–P16 group. Application of dH2O
(pH 8) as a vehicle did not alter the spontaneous firing rate (n �
7, p � 0.61, RM ANOVA) (Fig. 3D), confirming the specific
effects of ATP. Similar to the in vitro results, the percentage of
cells responding to ATP decreased with maturity, i.e., ATP in-
creased firing activity in 38% (9/24) of recorded neurons at P13–
P16, and in 32% (6/19) neurons at P20 –P23. In adults neither
ATP nor ATP�S had an effect on the discharge characteristics of
SBCs (�P60, n � 9). Finally, stellate cells did not respond to ATP
(n � 5 for P13–P16, n � 3 for P20 –P23, n � 5 for �P60), while
their activity was efficiently inhibited by glycine. Stellate cells
were characterized according to the chopper pattern of the PSTH
(Roos and May, 2012).

We next examined whether the extracellular ATP is capable of
evoking APs in vivo in the absence of glutamatergic transmission
(Fig. 4). A competitive glutamate receptor antagonist, KynA, was
iontophoretically applied until the neuronal activity was completely
blocked (AP frequency under the last 3 s of KynA � 0.7 � 0.4% of
control; n � 4). Then, the ATP was simultaneously administered
with KynA causing a partial resumption of AP discharges (aver-
age rate for the whole duration of application: 13.1 � 4.6% of
control). The average AP waveform, recorded during ATP appli-
cation, is lacking the presynaptic (Fig. 4C, P) component, sug-

gesting a direct postsynaptic effect. After termination of the ATP
application, but with continuous KynA blockade, the neuronal
activity diminished again. These data clearly demonstrate that
ATP can increase the neuronal activity independent of glutamate,
likely due to activation of P2XRs on SBCs.

Next we tested whether ATP—aside from augmentation of
spontaneous firing—also affects the sound-evoked activity. Ex-
tracellular single units were recorded in vivo while using a two-
tone stimulus protocol (see Materials and Methods), with one
stimulus component set at the unit’s CF (20 dB above threshold)
and the second stimulus component—with a 25 ms time lag—in
the unit’s inhibitory sideband (Fig. 5A). From analysis of PSTHs,
both the contribution of P2Rs to sound-driven excitation and the
changes following the additional activation of inhibitory inputs
could be evaluated. Under the application of ATP, the overall
firing activity was significantly increased in P13–P16 and P20 –
P23 animals, but not in �P60 (Fig. 5B). Extracellular ATP in-
creased the number of APs generated during excitatory acoustic

Figure 5. ATP increases acoustically evoked activity of SBCs in vivo. A, Exemplary PSTHs (bin
width 0.5 ms) of a single unit in response to two-tone stimulation. Sketch above the histogram:
dark gray, excitatory stimulus (100 ms, frequency at the unit’s CF � 2.3 kHz, 30 dB SPL); light
gray, embedded inhibitory stimulus (50 ms, lagging 25 ms after onset of excitatory stimulus,
frequency 6.2 kHz, 65 dB SPL); dashed line, spontaneous activity, 100 – 600 ms. Unit shows a
phasic–tonic response pattern; during the tonic phase, response is reduced through inhibition.
Black and red histograms: discharge activity during 100 stimulus repetitions before and during
ATP application (200 mM), respectively. Note that during application of ATP the firing rate is
increased throughout all three stimulus epochs, i.e., excitation, inhibition, and spontaneous. B,
Summary of changes elicited by ATP (red bars) during excitatory signals at the unit’s CFs (dark
gray) and acoustically driven inhibition (light gray). The ATP effects were significant for P13–
P16 and P20 –P23, but not for �P60. Administration of dH2O did not influence firing under
acoustic stimulation. Circles represent individual cells. Error bars indicate mean � SEM. **p �
0.01, ***p � 0.001.
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stimulation (P13–P16: AP frequency before � 182.4 � 28.7 Hz;
ATP � 233.6 � 34.0 Hz; n � 6, p � 0.001; P20 –P23: AP fre-
quency before � 143.7 � 16.4 Hz; ATP � 180.1 � 18.5 Hz; n �
6, p � 0.001, paired t test). Prominent ATP effects on SBC firing
were also observed during the additional activation of sideband
inhibition (P13–P16: AP frequency before � 79.2 � 23.0 Hz;
ATP � 110.3 � 28.5 Hz; n � 6, p � 0.01; P20 –P23: AP frequency
before � 60.5 � 13.3 Hz; ATP � 79.1 � 13.8 Hz, n � 6, p �
0.001, paired t test). In control experiments, administration of
dH2O (pH 8) did not alter the firing rate (Fig. 5B; stimulatory
signal: mean frequency � 182.1 � 16.3 Hz; dH2O � 181.8 � 18.4
Hz; n � 7, p � 0.93; stimulatory � inhibitory signal: mean fre-
quency � 70.2 � 12.2 Hz; dH2O � 70.7 � 13.2 Hz; n � 7, p �
0.94, paired t test). ATP had no effect on FSL (FSL: P13–P16
control � 6.6 � 0.7 ms; ATP � 6.3 � 0.6 ms; n � 6, p � 0.26;
P20 –P23 control � 5.3 � 0.3 ms; ATP � 5.2 � 0.3 ms; n � 6, p �
0.52, paired t test). Also, jitter values were similar between the two
conditions (jitter: P13–P16 control � 1.5 � 0.1 ms; ATP � 1.7 �
0.2 ms; n � 6, p � 0.51; P20 –P23 control � 1.8 � 0.4 ms; ATP �
2.0 � 0.6 ms; n � 6, p � 0.63, paired t test).

These experiments demonstrate that the major effect of puri-
nergic signaling might be a general enhancement of firing, rather
than a specific augmentation of spontaneous activity or modula-
tion of spiking activity during acoustic stimulation.

In the CN, purinergic signaling is confined to bushy cells
To investigate whether the P2Rs are confined to specific cell
types, whole-cell recordings and Ca 2� measurements were also

done on other neurons in the VCN from P7–P9 gerbils. Since the
data from SBCs showed a developmental downregulation of
P2Rs, it was assumed that, if other neuronal types were engaged
in purinergic signaling, the most prominent effects should be
observed before hearing onset. The recordings revealed that stel-
late cells from the AVCN and octopus cells from the posteroven-
tral CN most likely do not express P2Rs (Figs. 6, 8). The negative
results from stellate cells are consistent with in vivo data, but also
with our earlier observation in slice experiments (Milenkovic et
al., 2009).

In globular bushy cells (GBCs), on the other hand, ATP�S
reliably evoked inward current, membrane depolarization, and
Ca 2� transients (Fig. 6). Yet these responses were consistently
smaller than in SBCs (see Figure 8B current: SBCs � 147.2 � 26.9
pA, n � 17, GBCs � 46.0 � 5.2 pA, n � 11, p � 0.001; Figure 8C
depolarization: SBCs � 21.1 � 1.5mV, n � 23, GBCs � 11.2 �
1.2mV, n � 11, p � 0.001, ANOVA, Holm–Sidak post hoc test;
Ca 2� signal 	R: SBCs � 19.9 � 1.2%, n � 43, GBCs � 7.9 �
0.5%, n � 3; p � 0.05, Mann–Whitney rank sum test). As in
SBCs, bath application of TNP-ATP (5 �M) completely inhib-
ited the ATP�S-induced current (Fig. 8 F) suggesting akin P2X
subunit composition in both neuron types (mean ATP�S-
evoked current for GBCs � 46.0 � 5.2 pA, n � 11; ATP�S �
TNP-ATP � 0.3 � 0.1 pA, n � 6, p � 0.001, t test). Higher Rin

values of SBCs compared with GBCs (SBCs � 152.0 � 6.6 M�,
n � 73, GBCs � 110.1 � 7.9M�, n � 14, p � 0.003, t test;
P7–P9) probably contribute to more prominent P2R re-
sponses. Despite these differences, these data demonstrate that

Figure 6. P2XRs are expressed on bushy cells, but not on stellate or octopus cells. Left, Biocytin labeling of recorded neurons reveals the morphology of an SBC and a GBC, an octopus, and a stellate
cell (top to bottom). The recordings to the right were acquired from the respective cells. Middle, Electrophysiological characterization shows the phasic firing in response to depolarizing current steps
in the SBC, GBC, and in the octopus cell. Stellate cell shows the characteristic tonic firing pattern. Responses of SBC and GBC to hyperpolarizing current steps sag back toward rest due to inward
rectification. Right, Comparison of the responses, obtained by whole-cell recordings from SBC (black traces) and GBC (gray traces), upon ATP�S puff application (150 ms). The magnitude of
depolarization, current, and the Ca 2� signal is more prominent in SBC than in GBC. In octopus and stellate cells, ATP�S had no effect. Control application of glutamate, however, elicited strong
responses, thus confirming the cells’ vitality.
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purinergic signaling in developing CN is confined to the bushy
cells.

Regional specificity of P2R-mediated responses in SOC
We next examined whether SOC neurons show physiological
responses to ATP�S at P7–P9. Surprisingly, the MSO neurons
were completely insensitive to ATP�S (Figs. 7, 8). On the other
hand, ATP�S elicited moderate depolarization and inward cur-
rents in both the lateral and the medial limb LSO neurons (Figs. 7,
8) (mean depolarization: 11.0 � 3.8 mV; mean current: 25.4 �
7.0 pA; n � 6).

ATP�S failed to induce Ca 2� signals in the LSO neurons and
APs were generally missing (only 1 AP in 1 of 13 neurons). Four
of nine neurons in the lateral limb responded to ATP�S. Among
these four neurons, two displayed bipolar and two multipolar
morphology. In the medial LSO limb, two of four neurons
showed purinergic responses and had multipolar shapes. How-
ever, because of prominent developmental changes in the mor-
phology of LSO neurons, it is difficult to infer any specific
neuronal type at this developmental stage (Rietzel and Friauf,
1998). Still, it can be concluded that approximately half of the
recorded LSO neurons express P2Rs.

In the SOC, some of the SBC target neurons express P2Rs,
such as LSO neurons from the lateral limb, whereas others like the
MSO neurons lack these receptors. To further explore this issue,
the effects of ATP�S in developing principal neurons of the
MNTB were compared with the data obtained from GBCs. The

magnitudes of the P2X responses in the GBCs and MNTB neu-
rons were strikingly similar (Fig. 8). In the MNTB, the ATP�S-
evoked currents also show full sensitivity to TNP-ATP (mean
ATP�S-evoked current � 72.2 � 13.8 pA, n � 14; ATP�S �
TNP-ATP � 0.8 � 0.3 pA, n � 6, p � 0.001, t test) (Fig. 8F).

The enhancing effect of ATP on firing properties of MNTB neu-
rons was also confirmed by in vivo recordings; however, only in one
of nine recorded neurons from P13–P16. Similar to results in SBCs,
ATP enhanced the spontaneous and acoustically evoked activity in
this MNTB unit (spontaneous AP frequency before�46.0�1.0 Hz,
ATP � 58.7 � 1.0 Hz, after � 48.2 � 1.1 Hz; p � 0.001, ANOVA)
(mean AP frequency: stimulatory signal � 126.0 � 4.0 Hz,
ATP � 157.6 � 4.1Hz, p � 0.001; stimulatory � inhibitory sig-
nal � 67.2 � 4.2 Hz, ATP � 97.2 � 4.4 Hz, p � 0.001, Mann–
Whitney rank sum test). Together, these data demonstrate that
ATP can enhance the activity of specific neuron types in develop-
ing auditory brainstem.

Endogenous release of ATP contributes to firing of SBCs
We further investigated the possibility of endogenous ATP release
affecting neuronal activity in the rostral AVCN. A potent antagonist
at P2X1–3 receptors, TNP-ATP, was iontophoretically administered
during extracellular in vivo recordings in 13 gerbils from P13–P23
and 3 adult gerbils (�P60). A total of 48 units were recorded, with
CFs in the range of 700 – 4300 Hz (mean 2481 � 167 Hz, n � 48).
Thirty-eight units showed both the characteristic complex wave-
form and primary-like PSTHs, while the remaining 10 units

Figure 7. Regional specificity of P2X-mediated responses in the SOC. Whole-cell recordings from biocytin-labeled P9 neurons in the SOC. The labeling was visualized post hoc with Cy2-conjugated
streptavidin. Under current-clamp, neurons show typical phasic responses to depolarizing current steps. Note that moderate responses to ATP�S application (150 ms) were recorded in the LSO and
in the MNTB neuron, but not in the MSO neuron, the vitality of which was confirmed with glutamate application. The MSO neuron in the lower left is not from the slice shown in the center, but its
respective position in the brain slice is indicated by the tip of the dashed line. The position of this neuron shows a good match with the axonal terminal field of the MNTB neuron on the right side. The
current and voltage traces correspond to the adjacent neurons.
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showed either one of these SBCs charac-
teristics. While all recorded SBCs re-
sponded to glycine administration with a
reversible block of activity, decreased fir-
ing rate in response to TNP-ATP was ob-
served in 42% of P13–P16 cells (8/19) and
in just 33% of P20 –P23 units (6/18).
TNP-ATP had no effect in adult. TNP-
ATP application caused rapid and sus-
tained inhibition of spontaneous firing to
39 � 6% of the initial rate in P13–P16, and
to 43 � 10% in P20 –P23 animals (Fig.
9B). The discharge rate recovered after the
end of the exposure in both groups.

Inhibition of P2XRs also had an effect
on the AP generation in SBCs, i.e., it pro-
longed the time between the EPSP (Fig.
9A inset, component A of the complex
waveform) and the peak of the postsynap-
tic AP (Fig. 9A inset, component B; Typlt
et al., 2010) (A-B delay in P13–P16 con-
trol � 0.20 � 0.02 ms, TNP-ATP �
0.25 � 0.02 ms, after � 0.20 � 0.02 ms,
n � 7, p � 0.001; P20 –P23 control �
0.24 � 0.04 ms, TNP-ATP � 0.27 � 0.04
ms, after � 0.25 � 0.04 ms, n � 6, p �
0.01, RM ANOVA). At the same time, the
delay between the presynaptic (P) compo-
nent (discharge of the endbulb of Held)
and the A component was not affected,
confirming the postsynaptic mechanism
of action. This notion was further sup-
ported by the finding that inhibition of
P2XRs by TNP-ATP also shortens the AP
duration, calculated as time from the pos-
itive to negative peak of the extracellularly
recorded biphasic signal (AP duration in
P13–P16 control � 0.43 � 0.03 ms, TNP-
ATP � 0.38 � 0.02 ms, after � 0.43 �
0.02 ms, n � 8, p � 0.001; P20 –P23
control � 0.35 � 0.02 ms, TNP-ATP �
0.33 � 0.02 ms, after � 0.35 � 0.02 ms,
n � 6, p � 0.13, RM ANOVA). This ob-
servation is potentially interesting be-
cause the APs generally become shorter
during development (positive to negative
AP peak in P13–P16 � 0.40 � 0.01 ms
(n � 75); P20 –P23 � 0.34 � 0.01 ms (n �
57); adult � 0.30 � 0.004 ms (n � 72),
p � 0.001, ANOVA on ranks). During
two-tone stimulation, TNP-ATP induced
reduction of both acoustically evoked AP
generation, recorded at CF (stimulatory signal P13–P16: �32 �
5%, n � 6; P20 –P23: �22 � 2%, n � 6), and during acoustically
evoked systemic inhibition (stimulatory � inhibitory signal P13–
P16: �35 � 6%, n � 6; P20 –P23: �29 � 4%, n � 6) (Fig. 9C,D).
While TNP-ATP had no effect on the FSL, it increased jitter in
P13–P16 (control � 2.2 � 0.3 ms; TNP-ATP � 4.9 � 0.9 ms; n �
6, p � 0.05; paired t test), but not in the P20 –P23 group (con-
trol � 2.0 � 0.3 ms; TNP-ATP � 2.4 � 0.4 ms; n � 6, p � 0.71,
paired t test).Together, these data suggest that in the presence
of endogenous ATP the integration time for AP generation is
shorter and at the same time the APs are prolonged. Moreover,

the endogenous release of ATP contributes to the spontaneous
as well as to acoustically evoked neuronal activity. The mod-
ulatory effects of purinergic signaling diminish, however, dur-
ing development.

To explore the possible source of ATP, recordings of EPSCs
from SBCs were obtained in P8 –P10 animals. EPSCs were evoked
by electrical stimulation of the auditory nerve fibers in the pres-
ence of the GABA and glycine receptor antagonists (20 �M

SR95531, 3 �M CGP55845, and 0.5 �M strychnine). When re-
corded at �60 mV, the EPSCs had magnitudes ranging from 0.5
to 1.7 nA and showed bi-exponential decays (�wd � 7.0 � 2.2 ms,

Figure 8. Comparison of the P2X-mediated responses in different auditory brainstem neurons. A, The percentages of neurons
(P7–P9) responding to ATP�S differ between nuclei (current-clamp data). ATP�S elicits significantly larger P2X current (B) and
depolarization (C) in SBCs than in the other neurons expressing P2XRs. Bars indicate mean peak current or depolarization. Error bars
indicate SEM. Note the similar magnitudes of responses in GBC and the principal MNTB neurons. Cell numbers are given in
parentheses. ***p � 0.001, ANOVA followed by Holm–Sidak test. D, Percentages of cells in which ATP�S evoked APs. Inset shows
exemplary APs elicited by 100 �M ATP�S in an SBC. Numbers in parentheses indicate the total number of recorded cells. E, The
mean number of APs elicited by a single ATP�S application is significantly higher in SBCs than in MNTB principal neurons (**p �
0.009, Mann–Whitney rank sum test). In GBC and LSO neurons, APs were recorded in only 2/11 and 1/6 neurons, respectively. F,
ATP�S-evoked responses are completely blocked by a P2X1–3 receptor antagonist TNP-ATP in SBCs, GBCs, and in the principal
MNTB neurons. Example traces of current-clamp (top) and voltage-clamp recordings (bottom) upon application of ATP�S (150 ms)
(black) and under TNP-ATP (gray).
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�fast � 1.0 � 0.4 ms, �slow � 28.5 � 7.8 ms, %�fast � 78, n � 8;
33°C) (Fig. 9E). Superfusion of 50 �M AP-5 and 10 �M NBQX
inhibited the mean peak EPSC amplitude by 98% (mean control
EPSC � 1064 � 180 pA, AP-5 � NBQX � 24 � 4 pA, n � 6, p �
0.002, paired t test). To test whether ATP might be released from
inhibitory synaptic inputs, IPSCs were recorded at �60 mV with
[Cl�]pipette set to 26 mM, while the glutamate receptors were
blocked by 50 �M AP-5 and 10 �M NBQX (Fig. 9F). The IPSCs
were best fit with the sum of two exponentials (�wd � 16.1 � 2.4
ms, �fast � 5.7 � 0.7 ms, �slow � 30.4 � 4.5 ms, %�fast � 51, n �
7; 33°C). SR95531 (20 �M) and strychnine (0.5 �M) inhibited
efficiently the IPSCs amplitudes (mean control IPSC ampli-
tude � 281 � 52 pA, SR95531 � strychnine � 19 � 3 pA, n � 7,
p � 0.001, paired t test). In one of seven neurons, a very small
residual current was insensitive to ensuing TNP-ATP applica-
tion. Therefore, we conclude that the ATP is probably not re-
leased from glutamatergic or GABA/glycinergic synaptic
terminals in the CN.

Discussion
Sound-independent patterned activity occurs throughout the af-
ferent auditory pathways during early postnatal development
and is replaced by a Poisson-like spontaneous firing after hearing
onset (Walsh and McGee, 1988; Rübsamen and Schäfer, 1990;
Gummer and Mark, 1994; Lippe, 1994; Jones et al., 2007; Sonntag
et al., 2009). Competition driven by such activity may be essential
for development and refinement of topographic connections
both in the auditory and the visual system (Katz and Shatz, 1996;
Shatz, 1996; Stellwagen and Shatz, 2002). Our findings indicate
that ATP, released endogenously in the CN from a yet unknown
source, acts via P2XRs on bushy cells to increase AP firing initially
generated in the cochlea. In the CN and in the SOC, where syn-
aptic refinement of topographic maps followed by axonal prun-
ing depends on spontaneous and/or early sound-driven activity
(Kapfer et al., 2002; Leake et al., 2002; Kandler et al., 2009), pu-
rinergic modulation of neuronal activity could possibly play a
role in establishment of functional auditory brainstem circuits.
This study reports substantial findings, some of which are con-
sistent with ATP modulation during the period when these cir-
cuits are established: (1) P2X responses in SBC are prominent
prehearing and downregulated after the onset of acoustically
evoked neuronal signal processing; (2) activation of P2XRs on
SBCs can per se evoke APs, but also increases the firing rate driven
by the glutamatergic input; (3) endogenously released ATP facil-
itates the AP generation as indicated by shorter EPSP-AP transi-
tions; (4) ATP is unlikely to be coreleased with glutamate from
excitatory endbulb terminals or with GABA/glycine from inhib-
itory synaptic terminals; and (5) purinergic signaling is confined
to specific neuron types within auditory brainstem nuclei.

Figure 9. Endogenous ATP contributes to SBCs firing in vivo. A, Iontophoretic application of
TNP-ATP (1 mM, gray bar) reversibly reduces the rate of spontaneous SBCs firing. Inset shows the
mean waveforms calculated for 1299 APs under control condition (black) and 461 APs under
TNP-ATP application (gray). The waveforms are aligned at B, the peak of APs: P, prepotential; A,
EPSP. Note the longer A-B transition and shorter AP duration under TNP-ATP. B, Changes in
spontaneous spiking elicited by TNP-ATP in P13–P16 and P20 –P23 animals. Circles are data
from individual cells. Error bars indicate mean � SEM. *p � 0.05. C, PSTHs (bin width 0.5 ms)
of responses to a two-tone stimulation. Design as in Figure 5, excitatory stimulus at CF � 1.4
kHz, 20 dB SPL, inhibitory stimulus at 4.8 kHz, 30 dB SPL; before (black) and during TNP-ATP
application (red). D, Summary of the TNP-ATP effects (red bars) on the AP rates under excitatory

4

(dark gray) and combined excitatory and inhibitory (light gray) stimulation. TNP-ATP signifi-
cantly inhibited firing in P13–P16 and P20 –P23. Circles represent individual cells. Error bars
indicate mean � SEM. **p � 0.01, ***p � 0.001. E, EPSCs from a P9 SBC, recorded at 33°C.
Traces are average for �5 events recorded under each condition. Decays were best fit with the
sum of two exponentials. The exponential fit is superimposed on the EPSC decay (red). The
NMDAR (50 �M AP-5) and AMPAR (10 �M NBQX) antagonists completely inhibited the EPSCs,
leaving no residual component that could be attributed to P2XR activation. F, Example IPSC
traces showing mean for �5 single-shock stimuli, recorded from a P9 SBC. IPSCs were recorded
at Vhold � �60 mV with [Cl �]pipette � 26 mM. Decays were best fit by a double exponential
function (red). Pharmacological blockade confirms glycinergic/GABAergic transmission and ex-
cludes contribution of P2XRs.
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ATP—activity modulator beyond the cochlea
Purinergic modulation has been extensively studied in the inner
ear, where it supports cochlear homeostasis (Wang et al., 2003;
Thorne et al., 2004), modulates transmission at the inner and
outer hair cells (Housley et al., 1999; Robertson and Paki, 2002;
Weisz et al., 2009), and contributes to morphological and physi-
ological maturation of the cochlea (Housley, 2000; Housley et al.,
2009). The latter is apparent through a transient postnatal ex-
pression of specific P2R and paracrine ATP signaling (Huang et
al., 2006, 2010; Tritsch et al., 2007). ATP released by the Kölliker’s
organ in the prehearing cochlea excites the inner hair cells and
leads to ensuing activation of SGNs (Glowatzki and Fuchs, 2002;
Tritsch et al., 2010). Our data demonstrate that ATP also en-
hances the spontaneous as well as the sound-driven activity of
SBCs in the CN. This effect is mediated by a direct action via
P2XRs on SBCs, which evoke membrane depolarization and cal-
cium transients (Milenkovic et al., 2009). By increasing [Ca 2�]i,
P2XRs can mediate long-term plasticity changes (long-term po-
tentiation and long-term depression) in the CA1 pyramidal neu-
rons of the hippocampus (Pankratov et al., 2002; Yamazaki et al.,
2003; Lorca et al., 2011). Future experiments will have to clarify
whether similar regulations of synaptic strength occur in devel-
oping bushy cells.

In accordance with developmental cessation of ATP release in
the cochlea, the ATP responsiveness of SBCs in the AVCN was
decreased after hearing onset. Both our slice and in vivo record-
ings consistently show developmental downregulation, and it is
conceivable that ATP takes its most prominent physiological ef-
fects before hearing onset. This places purinergic signaling in a
position of a neuromodulator during the critical developmental
period, when the neuronal activity guides postnatal refinement of
topographically broad projections from the cochlea to the AVCN
(Leake et al., 2002, 2006).

A modulatory role of purinergic signaling was described in
LSO neurons of neonatal rats where presynaptic P2Rs modulate
glutamate release, and postsynaptic receptors on LSO principal
neurons mediate depolarizing cation conductance (Kreinest et
al., 2009). Our data are similar with respect to the occurrence of
P2Rs on LSO neurons (46%) here and 41% described by Kreinest
et al. (2009). The fact that at a defined time point different shares
of principal neurons in the respective nuclei responded to ATP
(P7–P9: 92% SBCs, 79% GBCs, and 53% MNTB) might suggest
different developmental time courses of purinergic signaling.
However, we consider it more likely that P2Rs are confined to
specific cell types, given that stellate cells, octopus cells, and MSO
neurons lack ATP responses. While the details of purinergic con-
tribution to neuronal development remain to be further clarified,
the current data already hint toward a selective impact on neu-
rons receiving monaural inputs, such as CN bushy cells and
MNTB principal neurons. In contrast, neurons that receive bin-
aural inputs such as the LSO principal cells, only partially express
P2Rs, and MSO neurons completely lack them.

Importance of neuronal activity for functional development
in the brainstem
Establishment of a precise tonotopic organization within the audi-
tory circuitry requires two important steps: Genetically determined
assembly of initial connectivity, which is controlled by guidance
molecules (Rubel and Fritzsch, 2002; Cramer, 2005; Appler and
Goodrich, 2011; Nakamura and Cramer, 2011) and activity-
dependent remodeling of axonal domains, which yields a more se-
lective topographic restriction of synaptic inputs (Sanes and Takács,
1993; Friauf and Lohmann, 1999; Kandler, 2004; Walmsley et al.,

2006). Moreover, early neuronal activity provides trophic signals,
necessary for survival of second- and third-order neurons of the
auditory brainstem (Parks, 1997; O’Neil et al., 2011). This led to the
hypothesis that some unknown trophic molecule coreleased with
glutamate might be essential for neuronal survival (Hyson and
Rubel, 1989; Rubel and Fritzsch, 2002). Our results imply that ATP
might serve this function, showing that endogenously released ATP
contributes to AP firing in SBCs. In later stages of development the
ATP effect in the CN diminishes. However, our experiments do not
support the assumption that ATP is synaptically coreleased with glu-
tamate or with GABA/glycine (Fig. 9E,F). It is plausible that ATP is
released from non-neuronal elements through gap-junction hemi-
channels or pannexins, i.e., through mechanisms similar to ATP
release in the cochlea (Zhao et al., 2005; Wang et al., 2009). Still, our
results indicate the possible dependence of ATP release on glutama-
tergic transmission. Spiking activity in vivo was completely abolished
with KynA, suggesting that most likely also the release of ATP tailed
off. This points to a potential link to glial cells, which can release ATP
upon stimulation with glutamate (Lalo et al., 2011; Wurm et al.,
2011). Whether such a tripartite synaptic mechanism controls the
release of ATP in the CN remains to be determined in future studies.

Development of neuronal membrane properties in the MNTB
principal neurons and regulation of synaptic strength depend on
auditory nerve activity (Walmsley et al., 2006). In congenitally deaf
mice, the lack of afferent input causes disruption of the topographic
gradient of voltage gated potassium conductance (also inducing in-
creased excitability), and dysfunctional sodium channels (Leão et al.,
2006a,b; Walmsley et al., 2006). Spontaneous afferent activity is also
important for survival of the LSO neurons and development of
physiological properties controlling AP firing, as shown recently in
Cav1.3�/� mice (Hirtz et al., 2011).

By enhancing the excitability of CN bushy cells, MNTB, and
(selected) LSO neurons, the actions of P2XRs may critically con-
tribute to the maintenance of synaptic contacts through
Hebbian-like plasticity (Walmsley et al., 2006). Contrary to
NMDAR, the activation of P2XRs can mediate substantial Ca 2�

influx at resting membrane potential. Both receptor types were
shown to be involved in Ca 2�-driven plasticity processes (Pank-
ratov et al., 2009). Given the modulatory effect on neuronal ex-
citability shown here, it is a reasonable assumption that
purinergic signaling could be engaged by some developmental
mechanisms such as trophic regulation, regulation of synaptic
strength, or structural reorganization.
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