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Neurons in the avian cochlear nucleus are depolarized by
GABAergic synaptic input. We recorded GABAergic synaptic
currents using the gramicidin–perforated-patch method and
found their reversal potential (Vrev ) to be depolarized relative to
spike threshold, which is surprising given that these inputs are
inhibitory. Depolarizing IPSPs (dIPSPs) are kept below spike
generation threshold by the activation of a dendrotoxin-I-
sensitive, voltage-gated K� conductance. We show experi-
mentally that the polarity of IPSPs contributes to their efficacy;
dIPSPs induce accommodation, the positive shift in spike

threshold, and are therefore more strongly inhibitory than con-
ventional, hyperpolarizing IPSPs in the same neurons. A similar
inhibitory mechanism has been described in invertebrate sen-
sory fibers and axons of dorsal root ganglion cells and may be
a general means of amplifying the strength of inhibition in cases
where the size of excitatory conductances greatly exceeds that
of inhibitory conductances.
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In the CNS, IPSPs typically reduce the excitability of neurons
through a combination of two factors: hyperpolarization of the
membrane potential away from spike threshold and an increase in
the conductance of the cell (Coombs et al., 1955; Smith et al.,
1967; Qian and Sejnowski, 1990). Both factors can independently
reduce excitability, but in some areas of the nervous system,
inhibition is achieved primarily through elevations in membrane
conductance that produce no voltage change or even mild depo-
larization, because the reversal potential for the IPSP is at or
slightly above resting potential (Staley and Mody, 1995). This
mode of inhibition can be difficult to detect in a quiescent neuron,
but the conductance shunts coincident excitatory current, mini-
mizing depolarization.

The depolarization accompanying an inhibitory conductance
can itself be an important component of inhibition. In one form of
presynaptic inhibition, glycinergic or GABAergic currents depo-
larize the axon terminal by 10–25 mV. Consequently, the ampli-
tude of the presynaptic spike is attenuated through a combination
of shunting and Na� channel inactivation. This mechanism of
depolarizing inhibition, known as primary afferent depolariza-
tion (PAD), has been described in invertebrate sensory fibers,
dorsal root ganglion cell terminals, and secretory nerve endings
(Eccles et al., 1961; Kennedy et al., 1974; Edwards, 1990; Zhang
and Jackson, 1993; Cattaert and El Manira, 1999; Rudomin and
Schmidt, 1999). However, in the cell bodies and dendrites of

central neurons, such strongly depolarizing GABAergic and gly-
cinergic currents are thought to be rare except during develop-
ment, when these synaptic inputs are excitatory rather than in-
hibitory (Owens et al., 1996; Ehrlich et al., 1999).

One place in which depolarizing, GABAergic inputs are func-
tionally inhibitory in mature central neurons is in the avian
auditory system. Neurons of nucleus magnocellularis (NM), a
division of the cochlear nucleus, exhibit depolarizing, shunting
inhibition that is mediated by GABAA receptors (Hyson et al.,
1995; Monsivais et al., 2000). Intracellular recordings of NM cells
in vitro have shown that pressure-applied GABA evokes depolar-
izations of up to 20 mV (Hyson et al., 1995), but little is known
about how depolarization contributes to inhibition in these neu-
rons. The general question of how the polarity of IPSPs influ-
ences the efficacy of inhibition has been addressed in modeling
studies of presynaptic inhibition (Graham and Redman, 1994).
Here, we examined the functional significance of IPSP polarity
experimentally, using patch-clamp methods in an in vitro slice
preparation.

We made gramicidin–perforated-patch recordings in NM neu-
rons from hatchling chicks and found that the reversal potential of
GABAergic IPSPs is depolarized relative to spike threshold by
�10 mV. However, depolarizing IPSPs (dIPSPs) are prevented
from triggering action potentials by a low-threshold K� conduc-
tance that is sensitive to dendrotoxin-I (DTXI), a selective
blocker of the KCNA family voltage-gated K� channels. We then
mimicked GABAergic input using conductance-clamp recording
to evaluate the importance of IPSP polarity on the efficacy of
inhibition. We found that dIPSPs provide a more powerful means
of reducing excitability than either weakly or strongly hyperpo-
larizing IPSPs. The functional advantage of depolarizing inhibi-
tion relative to hyperpolarizing inhibition was attributable to
accommodation, a positive shift in spike threshold. Thus, inacti-
vation of voltage-gated inward currents is likely to play a role in
inhibition. The enhancement of inhibitory strength that this
mechanism provides may be necessary in NM neurons, which
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receive powerful, calyx-like excitatory inputs from the auditory
ganglion.

MATERIALS AND METHODS
Brainstem slices (150–200 �m thickness) were prepared from day-of-
hatch chick embryos and 1-d-old hatchlings as described previously
(Reyes et al., 1994; Monsivais et al., 2000). For recording, slices were
transferred to a 0.5 cc chamber mounted on a Zeiss (Oberkochen,
Germany) Axioskop FS with a 40� water-immersion objective and
infrared, differential interference contrast optics and continuously super-
fused with artificial CSF (ACSF) at a rate of 3 ml/min. ACSF contained
(in mM) 130 NaCl, 26 NaH2CO3, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2
PO4, and 10 dextrose and was constantly gassed with 95% O2 and 5%
CO2 and had a pH of 7.4. Unless otherwise noted, all reagents were
obtained from Sigma (St. Louis, MO).

During recordings, a slice was perfused with normal ACSF or ACSF
containing the AMPA and NMDA glutamate receptor antagonists 6,7-
dinitroquinoxaline-2,3-dione (DNQX) (100 �M) and D,L-2-amino-5-
phosphonovalerate (APV) (50 �M). Dendrotoxin-I (Alomone Labs,
Jerusalem, Israel) was used at 0.1 �M. In some experiments, 50 �M
bicuculline methiodide was used at the end of the experiment to block
GABAergic responses. All recordings were performed at room temper-
ature (22–23°C).

Patch pipettes were drawn to 1–2 �m tip diameter and had resistances
between 3 and 6 M� (DC). In the perforated-patch experiments, two
intracellular pipette solutions were used, differing in their [Cl �]. For NM
recordings, a low Cl � internal solution was used (7 mM), so that deteri-
oration or inadvertent rupture of the perforated patch could be detected
as a reversal in IPSC polarity at rest. This solution contained (in mM):
135 K-gluconate, 5 KCl, 5 EGTA, 10 HEPES, and 1 MgCl2. After filling
a pipette tip with this solution, the pipette shank was backfilled by syringe
with the same solution containing gramicidin dissolved in DMSO at a
final concentration of 25 �g/ml. The same approach was used for
perforated-patch recordings from other neurons in the brainstem but
with an intracellular pipette solution that contained 37 mM Cl �. Because
this solution provided a close match for the native Cl � equilibrium of
NM cells, it was also used for whole-cell recordings from those neurons.
This solution contained (in mM): 105 K-gluconate, 35 KCl, 5 EGTA, 10
K-HEPES, and 1 MgCl2. The pH of the both solutions was adjusted to
7.2 with KOH, and osmolarity was measured between 280 and 290
mOsm. The liquid junction potentials (measured in ACSF) were 10 mV
for the 7 mM Cl � solution and 7 mV for the higher Cl � solution. All data
are presented with correction for these junction potentials.

Perforated-patch and whole-cell voltage-clamp recordings were made
with the Axopatch 200B amplifier, whereas whole-cell current and
conductance-clamp recordings were made with the Axoclamp 2B (Axon
Instruments, Union City, CA). For perforated-patch recording, initial
series resistance measurements exceeded 100 M� after gigaohm seal
formation but could decline to �20 M� within 20–45 min, at which time
data acquisition began. In each recording, series resistance was compen-
sated by 80–85%, and the voltage errors induced by the uncompensated
resistance were corrected offline. Recordings were aborted if the perfo-
rated patch ruptured, which was easily detected by an abrupt drop in
series resistance and a reversal of IPSC polarity. Data were low-pass
filtered at 10 kHz and digitized with an ITC-16 (Instrutech, Great Neck,
NY) at 20 kHz for both online and offline analysis. All recording
protocols were written and run using the acquisition and analysis soft-
ware Axograph, version 4.3 (Axon Instruments).

Extracellular stimuli were delivered via a bipolar tungsten electrode
positioned in the fiber tract that contains axons from the superior olivary
nucleus (SON) (Monsivais et al., 2000). Square electric pulses of 100
�sec duration were delivered through a stimulus isolation unit at inten-
sities ranging from 2 to 40 V. For neurons in the reticular formation,
stimuli were delivered and synaptic currents were averaged (at least 10
trials per average) and measured at their peak. In NM recordings,
responses to single stimuli were difficult to detect above the baseline
noise level when cells were being held at depolarized membrane poten-
tials (see Fig. 1, top lef t trace). We therefore used trains of stimuli to
enhance the synaptic conductance (10 stimuli at 100 Hz) and measured
current at 5 msec after the last stimulus of a train. We examined synaptic
potentials in current clamp, taking care to keep the membrane potential
within 5 mV of �67 mV. This was especially important in experiments
involving dendrotoxin, because this agent caused mild depolarization in
two of four recordings. Neurons with membrane potentials higher or
lower were adjusted with DC current. GABAergic currents in SON

neurons were evoked by pressure application of GABA (50 mM) dis-
solved in ACSF. Pressure pulses were between 4 and 10 psi and 10–50
msec in duration and presented once at each holding potential.

Conductance-clamp experiments were performed using a custom-
made (electronics shop, University of Washington Department of Phys-
iology and Biophysics), analog multiplying amplifier that applied current
(IIPSP) dynamically (120 kHz response frequency) to the neuron as a
function of conductance ( gIPSP) and synaptic driving force: IIPSP �
gIPSP(Vmembrane � VIPSP).

The synaptic conductance, gIPSP, had a rising phase described by a
single exponential with � of 1 msec, whereas the decaying phase was
made up of two exponentials: �fast of 3 msec and �slow of 50 msec. The
reversal potential of the synaptic current (VIPSP) was varied experimen-
tally. The kinetics of the conductance waveform were based on measure-
ments of single IPSCs recorded under perforated-patch voltage clamp
from a representative NM neuron clamped to �57 mV (see Fig. 4 A). We
determined the mimicking of the amplifier of gIPSP and VIPSP empirically
by applying conductance steps to an artificial cell (resistor–capacitor
circuit), and plotting I–V relationships for the steady-state voltage and
current (data not shown). These plots assured us of the linearity with
which the current output of the amplifier was modulated with changes in
voltage (i.e., the linearity of the artificial conductance) and allowed us to
confirm the different reversal potentials that were tested in this study.
The integration of IPSPs and excitatory stimuli was examined by pairing
IPSPs with 2 msec duration pulses of depolarizing injected current
(generated by the current-passing circuitry of the Axoclamp amplifier).

RESULTS
Reversal potential of GABAergic currents exceeds
spike threshold
To record GABAergic currents without disrupting the normal
intracellular Cl� concentration, we made gramicidin–perforated-
patch recordings from the somata of visually identified neurons in
NM and other areas of the brainstem (Kyrozis and Reichling,
1995). GABAergic currents were recorded in the presence of the
glutamate receptor antagonists DNQX and APV, and at the end of
some recordings, were blocked by bicuculline to confirm their
pharmacological identity.

We first examined spontaneous GABAergic currents in NM
under voltage clamp (n � 3) and found that they were inward over
a range of membrane potentials as positive as �40 mV (Fig. 1,
lef t). Because the whole-cell noise level increased with greater
depolarization, we could not reliably identify a reversal potential
for these spontaneous currents. In some recordings, we verified
the integrity of the gramicidin–perforated patch by intentionally
rupturing it with a brief pulse of negative pressure, leading to
dialysis of the neuron with the 7 mM Cl� pipette solution and a
change in the reversal potential of GABAergic currents (Fig. 1,
right).

Next, we compared the reversal potential (Vrev) of evoked
GABAergic currents in NM cells relative to other neurons in the
brainstem. Figure 2A shows an example of GABAergic currents
in a NM neuron evoked with a train of stimuli applied to the
afferent axons (10 shocks at 100 Hz). Currents were inward when
the membrane potential was clamped to approximately resting
potential (�61 mV) and also when depolarized to �42 mV but
were outward at �14 mV. In contrast, other neurons in the
brainstem show GABAergic currents that are outward near rest-
ing potential (Fig. 2B). The Vrev in this reticular formation
neuron was shifted to a more depolarized level when the perfo-
rated patch was ruptured (pipette [Cl�] of 37 mM) (Fig. 2B,
inset).

The current–voltage relationships for these example recordings
are shown in Figure 2C. Least-squares regression of the data
show that GABAergic currents reverse at �37 mV for the NM
cell in Figure 2A and at �65 for the reticular formation neuron in
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Figure 2B. The average Vrev for GABAergic currents in NM
neurons was �36 � 2.1 mV (mean � SEM; n � 6). In contrast,
neurons in another auditory nucleus in the brainstem, the SON,
had an average Vrev for GABAergic currents of �61 � 4.3 mV
(n � 3). Neurons in the reticular formation were measured (n �
6) for an average Vrev of �72 � 4.7 mV (Fig. 2D).

Low-threshold K� currents limit the depolarization
induced by GABAergic IPSPs
Although the Vrev value we obtained in our NM recordings
exceeded spike threshold (�45 � 1.8 mV; n � 10; method
described below), GABAergic PSPs did not trigger action poten-
tials, in part because of the activation of low-threshold K� cur-
rents. Under current clamp, we made whole-cell recordings using
physiologically realistic intracellular [Cl�] (37 mM; predicted Vrev

of �34 mV) to investigate the role of voltage-gated K� conduc-
tances in shaping and limiting the depolarizations caused by
GABAergic input. Under control conditions, dIPSPs reached
peak amplitudes of 10–12 mV above rest and decayed biphasically
(Fig. 3A, arrow).

In the presence of bath-applied DTXI, a K� channel toxin
selective for KCNA (Kv-1.x) subunits 1, 2, and possibly 6 (Rob-
ertson and Owen, 1992; Hopkins et al., 1994), the same stimulus
intensity produced dIPSPs that were excitatory, triggering single
or brief bursts of spikes (n � 4) (Fig. 3B). Also, subthreshold

potentials were kinetically different from control IPSPs, decaying
smoothly instead of biphasically (arrowhead). Although DTXI

may have had presynaptic effects, its postsynaptic effects were
sufficient to account for the ability of dIPSPs to evoke spikes.
DTXI lowered the minimum amount of current to reach thresh-
old and enabled repetitive firing in response to steps of direct
current in NM neurons (n � 3; data not shown), findings that are
consistent with the block of low-threshold K� currents (Reyes et
al., 1994; Rathouz and Trussell, 1998). Similarly, spontaneous
dIPSPs became excitatory in the presence of DTXI (Fig. 3C,D),
and subthreshold PSPs in DTX differed kinetically from control
dIPSPs (inset). These GABAA-mediated events were blocked by
bicuculline (Fig. 3E).

Properties of IPSPs mimicked under
conductance clamp
To investigate how the polarity of IPSPs influences the strength
of inhibition, we mimicked GABAergic potentials in NM neurons
under dynamic clamp (Robinson and Kawai, 1993; Sharp et al.,
1993) (n � 10). This approach allowed us to examine the inte-
gration of IPSPs evoked by conductance changes of known am-
plitudes and let us compare the strength of positive and negative
polarity IPSPs by varying the reversal potential of the mimicked
synaptic current. The conductance waveform was taken from
stimulus-evoked IPSCs that had been recorded under perforated-
patch voltage clamp and was represented by a triple-exponential
waveform (Fig. 4A) (see Materials and Methods). This waveform
was used in all cells, and only the peak amplitude of the conduc-
tance was varied among cells: 7.5 (n � 7) and 10 (n � 3) nS. These
values are within the range for inhibitory synaptic conductances
measured in our voltage-clamp experiments (10.5 � 2.7 nS; n �
5) and produced dIPSPs with amplitudes ranging from 5 to 12 mV
above resting potential when Vrev was set to �37 mV. This range
is similar to what we have reported from whole-cell recordings of
stimulus-evoked dIPSPs using a physiologically realistic internal
Cl� concentration (Monsivais et al., 2000).

Figure 4B illustrates the mimicked GABAergic conductance
stimulus (top trace; peak conductance of 10 nS) and a family of
injected currents and voltage responses recorded under dynamic
clamp (bottom traces). Currents and voltages corresponding to
each of three reversal potentials are shown: �37, �77, and �87
mV. Like their natural counterparts, mimicked dIPSPs activated
low-threshold K� currents, speeding their repolarization and
producing a rapid component to the decaying phase. Hyperpo-
larizing IPSPs also decayed biphasically in most cells, presumably
because of the rapid deactivation of standing outward currents
(Rathouz and Trussell, 1998).

The shape of mimicked IPSPs could be changed from biphasi-
cally decaying to smoothly decaying by hyperpolarizing the base-
line membrane potential and thereby preventing the activation of
low-threshold K� conductances (Fig. 4C). Mimicked dIPSPs
were kinetically similar to spontaneous and evoked dIPSPs.
The similarity is illustrated for one neuron by superimposing a
mimicked dIPSP on a spontaneous dIPSP of similar amplitude
(Fig. 4 D).

Depolarizing IPSPs inhibit firing more effectively than
hyperpolarizing IPSPs
We measured IPSP-induced changes in excitability by injecting
paired pulses (2 msec duration, 20 msec interpulse interval) of
direct current at a range of amplitudes, with the second pulse
beginning 8 msec after the onset of the synaptic conductance. The

Figure 1. Spontaneous GABAergic currents recorded under gramicidin–
perforated-patch voltage clamp. The lef t panel shows that these synaptic
currents are inward at holding potentials as depolarized as �40 mV
(asterisk indicates synaptic event). The right panel shows rupture of the
patch during the same recording, allowing cell dialysis with the pipette
solution (7 mM Cl �), causing a shift in the polarity of currents near rest
(�60 mV). The GABAergic currents in the whole-cell recording reversed
again at a holding potential of �85 mV, consistent with the predicted
whole-cell reversal potential of �75 mV (note that superfusate contains
DNQX and APV).
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stimulus paradigm is illustrated in Figure 5A. With a conductance
peak of 7.5 nS and Vrev of �37 mV, the resulting depolarizing
IPSPs inhibited action potentials evoked by 800 pA current pulses
in 10 of 10 trials (Fig. 5B, top). In contrast, weakly hyperpolariz-
ing IPSPs (Vrev of �77 mV) (Fig. 5B, middle) or strongly hyper-
polarizing IPSPs (Vrev of �87 mV) (Fig. 5B, bottom) failed to
inhibit spike generation.

The inhibition was attributable to an increase in the minimum
amount of current that was required to reach threshold, or thresh-
old current. We quantified inhibitory efficacy of IPSPs across
neurons by measuring the amount of additional current that was
required to elicit 40–60% firing probability during the IPSP
relative to when the cell was at rest. Both depolarizing and
hyperpolarizing IPSPs reduced excitability. However, dIPSPs

Figure 2. Reversal potential of GABAergic
currents in NM neurons is more positive than
that found in other neurons. A, Gramicidin–
perforated-patch voltage-clamp recordings
of GABAergic currents evoked by synaptic
stimulation. Membrane potential was held
at different voltages, and average current
amplitude (10 trials) was measured 5 msec
after the last stimulus (outlined by vertical
bar). B, Gramicidin–perforated-patch re-
cordings from a reticular formation neuron
in a slice from the same animal show that
GABAergic currents reverse at a more hy-
perpolarized membrane potential. Traces
shown are recorded at holding potentials of
�91, �76, �68, �59, and �49 mV. Inset
shows that the reversal potential changes to
more a positive value after patch rupture
([Cl �] pipette of 37 mM). C, NM data (di-
amonds) fit with a linear regression gives a
Vrev of �37 mV, whereas GABAergic cur-
rents in a brainstem neuron (circles) show a
more hyperpolarized Vrev of approximately
�65 mV. D, Mean � SEM Vrev for
GABAergic currents in NM neurons was
�36 � 2.1 mV. Auditory neurons in the
SON and other brainstem neurons had more
hyperpolarized Vrev averages of �61 � 4.3
and �72 � 4.7, respectively (note that cur-
rents recorded in the presence of DNQX
and APV).

Figure 3. Low-threshold K � currents shape
depolarizing IPSPs and prevent them from
triggering spikes. Stimulus-evoked GABAergic
IPSPs recorded in current clamp under control
conditions (A) (superfusate contains DNQX
and APV) and in the presence of the selective
K � channel blocker DTXI (B). Inset illustrates
the difference in IPSP shape between the two
conditions. C, Spontaneous IPSPs are also aug-
mented in DTXI (D), with the largest IPSPs
triggering spikes (truncated). Inset in D shows
amplitude-normalized dIPSPs from C and D
(asterisk indicates marked events). E, Bicucul-
line (50 �M) completely abolishes these spon-
taneous potentials. Note that hyperpolarizing
DC current (�20 pA) was applied in D and E
to minimize spontaneous firing.
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inhibited more robustly than hyperpolarizing IPSPs; threshold
current during dIPSPs increased to an average of 156% of con-
trol, whereas IPSPs with reversal potentials of �77 and �87 mV
increased average threshold current to 125 and 124% of control,
respectively (n � 10) (Fig. 5C). Because the two excitatory stimuli
occurred with an interval of 20 msec, a relative refractoriness

contributed to the inhibition of the second response. In paired-
pulse experiments without inhibition, threshold current for the
second stimulus averaged 114.7% of control (n � 5). This paired-

Figure 5. Depolarizing IPSPs inhibit more effectively than hyperpolar-
izing IPSPs. A, The paradigm used for evaluating the excitability of
neurons during mimicked IPSPs in conductance clamp. Two suprathresh-
old current pulses were injected, the second coinciding with the decaying
phase of the mimicked IPSP. B, Depolarizing inhibition suppressed firing
in 10 of 10 trials (top trace; asterisk), whereas weakly hyperpolarizing
IPSPs (middle trace) or strongly hyperpolarizing IPSPs (bottom trace) did
not. C, Data for 10 neurons (same protocol as in B) show that the
threshold current during dIPSPs (Vrev of �37 mV) increased to 156.1 �
6.4% of control, whereas hyperpolarizing IPSPs induced smaller changes
in excitability. Inhibition with Vrev of �37 mV was significantly more
effective than inhibition with Vrev of �77 mV (two-tailed paired t test; p �
0.001), whereas the two levels of hyperpolarizing inhibition (Vrev of �77
and �87 mV) were not different in their effect (two-tailed paired t test;
p � 0.596). PPE, Paired-pulse effect. Paired excitatory pulse protocol
alone shows that part of the inhibitory effect measured during IPSPs is
attributable to a relative refractory period. Current threshold for second
stimulus averaged 114.7% of the current threshold for the first stimulus.

Figure 4. Properties of mimicked IPSPs under conductance clamp. A,
Evoked GABAergic synaptic currents recorded in a representative NM
neuron (1 failure in 3 trials) and a superimposed conductance waveform
made up three exponentials (see Materials and Methods). B, The
GABAergic conductance waveform with conductance peak ( gpeak ) of 10
nS (top trace) and a family of currents and voltages corresponding to three
different reversal potentials: �37, �77, and �87 mV. Note that the dashed
line in each trace indicates baseline level. C, In another cell, biphasic decay
of depolarizing IPSP ( gpeak of 7.5; Vrev of �37) is eliminated by hyper-
polarization of resting baseline membrane potential (bottom trace). Note
the difference in vertical scale: 1 mV for the top trace and 2 mV for the
bottom trace. Inset shows amplitude-normalized traces for easier compar-
ison (time scale unchanged). D, Mimicked IPSPs are kinetically similar to
spontaneous and evoked IPSPs, as shown in another cell by overlaying an
average of 10 mimicked IPSPs (Vrev of �37; gpeak of 7.5 nS) with a single,
spontaneous IPSP of similar peak amplitude.
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pulse effect contributed to the total inhibition measured during
the three IPSP conditions.

Depolarizing IPSPs shift both the current and voltage
threshold for spike generation
Part of the inhibitory effect of dIPSPs was attributable to accom-
modation, a positive shift in spike threshold. Accommodation was
detected as a positive shift in the absolute voltage at which spikes
initiated and as an increase in the amount of depolarization
required to reach threshold (	Vthresh). We evaluated changes in
threshold for each cell by measuring the amplitude of the largest,
subthreshold response to depolarizing current during control and
IPSP conditions. An example recording in Figure 6 illustrates the
measurement of threshold and 	Vthresh, under control (Fig. 6A)
and dIPSP conditions (Fig. 6B). Under control conditions, 250
pA evokes the largest, subthreshold voltage response [an action
potential is elicited by a 300 pA pulse (Fig. 6A, arrow)], and
	Vthresh is 13 mV. During a dIPSP induced by a synaptic con-
ductance of 7.5 nS (peak), current pulses ranging from 350 to 450
pA are subthreshold, and at 500 pA, only 1 in 10 trials elicits an
action potential (Fig. 6B, top row). The subthreshold responses in
these experiments are shown superimposed in the bottom panel of
Figure 6B, in which five superimposed trials are shown for each
level of current pulse amplitude. The voltage responses during
inhibition exceeded the control threshold (Fig. 6B, solid horizontal
cursor), and 	Vthresh, increased to 21 mV. This measure in 10
neurons revealed that dIPSPs significantly increased 	Vthresh by
�27%, from a mean � SEM of 20.2 � 2 to 25.6 � 3 mV(two-
tailed paired t test; p � 0.01).

Shunting also contributed to the inhibitory effect of dIPSPs. To
evaluate the contribution of shunting independently of the thresh-
old shift, we compared the input resistance under control condi-
tions and during IPSPs. Input resistance (Rin) was measured from
the slope of I–V relationships. Measurements were made in the
last 200 �sec of the response (Fig. 6A,B, vertical cursor), and
although voltage responses under these conditions were not
steady state, the I–V relationships appeared to be Ohmic for all
cells (Fig. 6C). For the neuron in the example shown in Figure 6,
a least-squares linear fit of the control data points (circles) gives
an Rin of 55 M�. Measurements made during inhibition (dia-
monds) reveal that Rin fell to 43 M�, a change that we predicted
(dashed curve) based on the resting Rin and the synaptic conduc-
tance that was applied. In nine neurons, Rin fell from an average
of 38.3 � 2.2 M� during control conditions to 31.6 � 2.8 M�
during dIPSPs, a reduction of 21.2% (two-tailed paired t test; p �
0.05). This reduction was attributable to the applied inhibitory
conductance; the average predicted change in Rin was 20.8%, and
there was no statistically significant difference between the mea-
sured Rin during dIPSPs and the Rin predicted by summation of
the input conductance of each cell and the applied inhibitory
conductance (two-tailed paired t test; p � 0.936).

DISCUSSION
The primary source of GABAergic input to NM is from the SON,
a brainstem nucleus receiving excitatory input from nucleus an-
gularis and nucleus laminaris (Lachica et al., 1994; Yang et al.,
1999; Monsivais et al., 2000). We suggested previously two roles
for this inhibitory input in auditory processing: gain control and
in regulating the fidelity of temporal encoding (Lachica et al.,
1994; Yang et al., 1999; Monsivais et al., 2000). In this report, we
focus on the mechanisms of GABAergic inhibition in NM
neurons.

GABAergic synaptic currents in NM neurons are strongly
depolarizing, with a reversal potential of approximately �36 mV.
However, GABAergic synaptic potentials are not excitatory, in
part because of the presence of a voltage-gated outward K�

Figure 6. Accommodation contributes to the inhibitory effect of dIPSPs.
A, Traces showing the protocol used for estimating changes in spike
threshold and input resistance in an example neuron. Current pulses (top
traces) applied to a cell at rest produced a family of responses (bottom
traces) that provided measures of threshold (solid horizontal cursor) and
	Vthresh , the difference between resting membrane potential and threshold.
In B, top traces show that there is an increase in threshold current during the
mimicked IPSP, from 300 pA (A) to 500 pA (10 traces per current pulse
level are shown). The bottom traces in B are taken from these four groups
of data (boxed region in each set of traces is expanded, and 5 traces are
shown from each group). When current pulses coincided with a mimicked
dIPSP, the threshold shifted from �52 to �41 mV and increased 	Vthresh
from 13 to 21 mV (same scale as in A). In C, the I–V relationship for control,
subthreshold responses (circles) and responses obtained coincident with
mimicked dIPSP activation (diamonds). Also, the data collected coincident
with dIPSP activation (diamonds) strayed from the linear fit to control data
by an amount that was predicted (dashed line) based on the summing of
input conductance and the applied IPSP conductance.
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conductance that counteracts the depolarizing influence of the
PSPs. By mimicking natural GABAergic conductances in dy-
namic clamp recording, we were able to test the hypothesis that
depolarizing inhibition is more effective than hyperpolarizing
inhibition, which is more typical in the nervous system. For a
mimicked synaptic conductance of a given amplitude, the result-
ing IPSP was more effective in suppressing discharges when it was
depolarizing rather than hyperpolarizing. The functional advan-
tage of dIPSPs was primarily attributable to the accommodation
of spike threshold, presumably by inactivating voltage-dependent
inward currents (Na�, Ca2�, or a combination thereof) (Koyano
et al., 1996).

Inactivation of voltage-dependent Na� currents is one factor
responsible for the PAD mode of inhibition in axon terminals, in
which propagating spikes are reduced in amplitude or blocked
altogether (Eccles et al., 1961; Kennedy et al., 1974; Edwards,
1990; Zhang and Jackson, 1993). In modeling studies, inhibition
of axon terminals was more effective when the modeled GABAer-
gic conductance was depolarizing rather than nonpolarizing; a
criterion level of inhibition could be achieved with a smaller
synaptic conductance (Graham and Redman, 1994). PAD inhibi-
tion is also characterized by shunting (through GABAA or gly-
cine channels), and, in the experiments reported here, the shunt-
ing component of inhibition was entirely accounted for by the
mimicked synaptic conductance we applied using dynamic clamp
recording.

In previous reports, we described GABAergic inhibition of NM
neurons and showed that both GABAergic and low-threshold K�

conductances contribute to a large shunting effect (Hyson et al.,
1995; Monsivais et al., 2000). Had K� conductances contributed
to the shunting in the present experiments, the observed conduc-
tance change would have been larger than what we predicted
based on the sum of input conductance and synaptic conductance
in each experiment. One explanation for why we found no con-
tribution of K� conductances to shunting in the present report is
that we evaluated the action of individual IPSPs, whereas the
previous study measured changes in cell conductance during
inhibitory plateaus induced by temporal summation of GABAer-
gic PSPs. At high stimulation frequencies, GABAergic terminals
evoke a tonic conductance in NM neurons (Lu and Trussell,
2000), producing a sustained depolarization and thereby tonically
activating low-threshold K� channels (Monsivais et al., 2000).

Low-threshold K� currents in NM neurons and other auditory
centers have been implicated in regulating integration of excita-
tory input by minimizing EPSP duration and thereby limiting
temporal summation (Reyes et al., 1994; Brew and Forsythe,
1995). These currents rapidly activate at �60 to �70 mV, un-
dergo little inactivation, and are blocked by either
4-aminopyridine or DTXI (Reyes et al., 1994; Brew and Forsythe,
1995; Rathouz and Trussell, 1998). DTXI-sensitive currents with
similar biophysical properties are found in dorsal root ganglion
neurons (Stansfeld and Feltz, 1988) and other peripheral axons
(Safronov et al., 1993) and are important in enabling accommo-
dation in those structures (Poulter et al., 1989). Thus, a low-
threshold K� conductance may be a “prerequisite” for strongly
depolarizing inhibition (e.g., PAD in axons and the similar mech-
anism we report here for NM neurons), because dIPSPs would
otherwise elicit excitation. Our data provide the first evidence of
a depolarizing, PAD-like inhibition occurring somatically in cen-
tral neurons.

Several factors lead us to propose that depolarizing GABAer-
gic input to these cells is part of their mature phenotype and not

an indicator of immaturity. First, unlike depolarizing GABA or
glycinergic responses in immature neurons, which are typically
excitatory, GABAergic potentials in NM neurons derive much of
their inhibitory efficacy by depolarizing. Second, GABAergic
terminals in NM are detectable 1 full week before hatching and
appear histologically mature in structure and density by hatching
(Code et al., 1989). Third, hearing is nearly completely mature by
hatching, based on physiological responses (Saunders et al., 1973;
Rebillard and Rubel, 1981) and behavioral measures (Gray and
Rubel, 1985). Finally, behavioral studies show that gallinaceous
birds can localize sounds very well within 1 d of hatching (Got-
tlieb, 1965).

The recordings reported here were made in neurons from
animals well after hearing onset, which occurs in ovo �10 d
before hatching. Other studies that have shown that, in auditory
neurons of mammals, responses to another inhibitory transmitter,
glycine, are initially depolarizing and become hyperpolarizing
during development (Kakazu et al., 1999). In these cases, how-
ever, the switch occurs before hearing onset. Consistent with this
was our finding that that GABAergic currents in another auditory
nucleus in the avian brainstem, the SON, reversed at more hy-
perpolarized potentials.

One mechanism responsible for the developmental transition
from depolarizing to hyperpolarizing inhibition has been identi-
fied as KCC2, a K�/Cl� cotransporter that extrudes Cl�, main-
taining intracellular [Cl�] at low levels (Rivera et al., 1999).
Perhaps by restricting the developmental onset of KCC2 expres-
sion, NM neurons maintain an “immature” polarity of GABAer-
gic potentials. This mechanism may be general for classes of
neurons or neuronal compartments in which low-threshold K�

currents are expressed in abundance and in which inhibition must
balance particularly strong excitatory currents. Examples include
Na� currents in axon terminals and large EPSCs in the somata
and dendrites of neurons that are generated by large individual
excitatory terminals or numerous, synchronously active inputs.
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Ehrlich I, Löhrke S, Friauf E (1999) Shift from depolarizing to hyper-
polarizing glycine action in rat auditory neurons is due to age-
dependent Cl � regulation. J Physiol (Lond) 520:121–137.

Gottlieb G (1965) Imprinting in relation to parental and species identi-
fication by avian neonates. J Comp Physiol Psychol 59:345–356.

Graham B, Redman S (1994) A simulation of action-potentials in syn-
aptic boutons during presynaptic inhibition. J Neurophysiol
71:538–549.

Gray L, Rubel EW (1985) Development of absolute thresholds in chick-
ens. J Acoust Soc Am 77:1162–1172.

Hopkins WF, Allen ML, Houamed KM, Tempel BL (1994) Properties
of voltage-gated K currents expressed in Xenopus oocytes by mKv1.1,
mKv1.2 and their heteromultimers as revealed by mutagenesis of the
dendrotoxin-binding site in mKv1.1. Pflügers Arch 428:382–390.
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