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Afferent Regulation of Inhibitory Synaptic Transmission in the

Developing Auditory Midbrain
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To determine whether afferent innervation regulates the
strength of inhibitory connections in the gerbil auditory mid-
brain, both cochleas were surgically removed in postnatal day
7 animals, before sound-driven activity is first observed. Inhib-
itory synaptic currents were measured in a brain slice prepara-
tion 1-7 d after the ablations. Whole-cell and gramicidin-
perforated patch recordings were obtained from inferior
colliculus neurons, and IPSCs were evoked by stimulation of
the commissure of the inferior colliculus (CIC) or the ipsilateral
lateral lemniscus (LL) in the presence of kynurenic acid. Deaf-
ferentation led to a 24 mV depolarizing shift in the IPSC equi-
librium potential within 1 d of deafferentation. As a conse-
quence, there was a large reduction of IPSC amplitude at a

holding potential of —20 mV in neurons from bilaterally ablated
animals. Furthermore, both afferent pathways displayed a 50%
reduction of the inhibitory synaptic conductance after deaffer-
entation, indicating that driving force was not solely responsible
for the decline in IPSC amplitude. When paired pulses were
delivered to the LL or CIC pathway in control neurons, the
evoked IPSCs exhibited facilitation. However, paired pulse fa-
cilitation was nearly eliminated after deafferentation. Thus, nor-
mal innervation affects inhibitory synaptic strength by regulating
postsynaptic chloride homeostasis and presynaptic transmitter
release properties.

Key words: GABA , receptor; glycine receptor; inferior col-
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Spontaneous and evoked electrical activity play a critical role in
the maturation of central neuronal circuits. Complete or partial
sensory deprivation can produce alterations at all levels of the
system, and these effects are most profound during early devel-
opment. For example, the loss or complete inactivation of the
cochlea leads to the cessation of protein synthesis, cell shrinkage,
dendrite retraction, and cell death in the chick auditory brainstem
(Parks, 1979; Deitch and Rubel, 1984; Born and Rubel, 1988). To
understand how alteration of synaptic architecture and protein
expression might affect synaptic processing, it is important to
learn the functional properties of these connections. Because
central neurons receive a rich array of excitatory, inhibitory, and
modulatory afferents, it is necessary to study their response to
disuse on an individual basis. The present study examines the
effect of deafferentation on inhibitory afferents in the auditory
midbrain.

Use-dependent alterations of inhibitory synapses have been
demonstrated in the developing and adult nervous system. When
organotypic cultures of the mouse cerebellum are grown in te-
trodotoxin to block electrical activity, the number of inhibitory
synapses is selectively reduced (Seil and Drake-Baumann, 1994).
The regulation of inhibitory synaptic strength may derive, in part,
from the stimulation of receptor synthesis and clustering by
GABA and glycine (Poulter et al., 1997; Kirsch and Betz, 1998).
Alternatively, the accumulation and release of transmitter may
also be compromised by changes in the level of activity (Hendry
and Jones, 1986; Wickesberg et al., 1994; Hirsch et al., 1999).

We have previously shown that denervated afferent pathways
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undergo rapid changes in strength. For example, evoked inhibi-
tory postsynaptic responses in the lateral superior olivary nucleus
(LSO) become smaller within 24 hr of deafferentation (Kotak
and Sanes, 1996). Furthermore, this decrease is accompanied by
a 8 mV depolarization in the IPSP reversal potential, suggesting
that chloride homeostasis might be affected. Inhibitory disuse
also results in heterosynaptic affects. Thus, when the contralateral
inhibitory input is disrupted, the unmanipulated excitatory path-
way becomes stronger, apparently because of the addition of
functional NMDA receptors (Kotak and Sanes, 1996). Changes
in the strength of inhibitory afferents have also been suggested by
in vivo studies of deafness and presbycusis (Kitzes and Semple,
1985; Milbrandt et al., 1994; Bledsoe et al., 1995; Caspary et al.,
1995; McAlpine et al., 1997; Milbrandt et al., 1997).

These studies raise interesting questions about the functional
status of synapses in higher regions of the CNS. Therefore, we
examined the inferior colliculus where the role of synaptic inhi-
bition in auditory processing has been most broadly studied (Park
and Pollak 1993a,b, 1994; Le Beau et al., 1996; Sanes et al., 1998).
The present study asked whether the disruption of all spontane-
ous activity generated in the cochlea before the onset of sound-
driven activity commenced would influence the functional devel-
opment of two different inhibitory pathways through the lateral
lemniscus (LL) and the commissure of the inferior colliculus
(CIC).

Parts of these results were published previously in abstract
form (Vale and Sanes, 1999).

MATERIALS AND METHODS

Cochlear ablation. All protocols were reviewed and approved by the New
York University Institutional Animal Care and Use Committee. Co-
chlear ablations were performed as described previously (Sanes et al.,
1992). Gerbil (Meriones unguiculatus) pups at postnatal day 7 (P7) were
anesthetized with hypothermia until respiration ceased and animals did
not respond to nociceptive stimuli. A small hole was made in the cochlear
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wall, and the contents were rapidly removed with a forceps. A piece of
Gelfoam was placed in the cavity, and the wound was closed. Ablations
were performed bilaterally. After surgery, animals were warmed on a
heating pad and returned to the litter when respiration and motor
activity recovered. Bilaterally ablated animals were fed with a sterile
saline solution containing 0.1% glucose at 2-3 d after surgery. Successful
ablations were confirmed before each brain slice experiment.

Brain slice preparation. Control and bilaterally ablated P§8—P14 gerbils
were anesthetized with chloral hydrate (350 mg/kg). After decapitation,
the brain was blocked at the level of the thalamus and the caudal
hindbrain. The ventral surface of the brain was affixed to an agar block
(cyanoacrylate glue), and the block was secured to the stage of a vi-
bratome (Leica, Nussloch, Germany). The tissue was cut in cold oxygen-
ated artificial CSF (ACSF) containing (in mMm): 123 NaCl, 4 KCl, 1.2
KH,PO,, 1.3 MgSO,, 28 NaHCO,, 15 glucose, 2.4 CaCl,, and 0.4
L-ascorbic acid, pH 7.3 when oxygenated with 95%0,/5%CO,. Slices of
300 wm were obtained in cold ACSF and maintained in an incubation
chamber at room temperature for 2 hr. Slices containing the rostral
inferior colliculus (IC) were placed in a recording chamber and super-
fused with oxygenated ACSF (7 ml/min) at room temperature.

Electrophysiology. Whole-cell voltage-clamp recordings (Warner In-
struments PC-501A) were obtained as described previously (Kotak et al.,
1998; Moore et al., 1998). Recording electrodes were fabricated from
borosilicate glass microcapillaries (1.5 mm outer diameter), and the tip
resistance was 5-10 M(). For whole-cell voltage-clamp recordings, the
internal pipette solution contained (in mm): 127.5 cesium gluconate, 0.6
EGTA, 10 HEPES, 2 MgCl,, 5 KCl, 2 ATP, 0.3 GTP, and 5 QX-314
(Alamone, Jerusalem, Israel), pH 7.2. A measured liquid junction poten-
tial of ~5 mV was not corrected, because our primary objective was to
compare measures between control and deafferented neurons. This error
should affect both values equally. Biocytin (~0.2%) was also added to the
recording solution. Extracellular stimuli (200 wsec pulses) were delivered
through paired Teflon-insulated platinum electrodes driven by isolated
biphasic stimulators (Intronics Instruments). Custom personal computer-
based software was used for programmed stimulus delivery, data acqui-
sition, and analysis (Sanes, 1993). Stimulating electrodes were placed in
the afferent pathways from the CIC and the LL. The maximum ampli-
tude of evoked synaptic currents was typically obtained at membrane
holding potentials (E},q) of —80 and —20 mV. IPSC duration was
determined from the rising latency to the time at which the signal
returned to the baseline noise level. The holding potential at which
IPSCs reversed (Eypgc) Was also measured. At the end of each recording,
slices were fixed in 4% paraformaldehyde, and a subset were processed to
visualize biocytin-filled neurons using an avidin-biotin complex coupled
to horseradish peroxidase (Vector Laboratories, Burlingame, CA).

Passive membrane properties were evaluated using whole-cell current-
clamp recordings (Warner Instruments PC-501A) in the presence of
kynurenic acid. The internal pipette solution contained (in mm): 135
potassium gluconate, 2 MgCl,, 5 KC1, 0.6 EGTA, 10 HEPES, 2 MgCl,,
2 ATP, and 0.3 GTP, pH 7.2. The neuron input resistance was calculated
from the slope of current—voltage plots. Time constants were determined
as the time to reach 67% of the plateau amplitude after 0.1 nA hyper-
polarizing current pulses.

Many recordings (n = 86) were performed using the perforated patch
technique (Rhee et al., 1994; Kyrozis and Reichling, 1995). Gramicidin
(Sigma, St. Louis, MO) was used as the membrane-perforating agent to
permit the recording of IPSCs without influencing the cytoplasmic
chloride concentration. Gramicidin was dissolved in dimethylsulfoxide
(DMSO; 2-5 mg/ml) and then diluted in the pipette solution to a final
concentration of 2-5 ug/ml (0.2% DMSO). In our preparation, a further
increase in gramicidin concentrations led to rapid perforation and mem-
brane rupture during the recordings. Gramicidin concentrations used in
this study were lower than those used in some preparations (Kazaku et
al., 1999) but close to those used for recordings from immature neurons
of the cortex or auditory brainstem (Owens et al., 1996; Backus et al.,
1998). For perforated patch recordings, KCI was used in the pipette
solution to preserve the function of potassium chloride cotransporters.
With this solution, the measured liquid junction potential was ~4 mV,
and the measurements were uncorrected, because our primary objective
was to compare measures between control and deafferented neurons.
QX-314 was retained in the intracellular pipette solution to confirm that
the membrane did not rupture. The presence of depolarization-evoked
breakaway action potentials was taken as indication of the integrity of the
gramicidin perforation. The progress of perforation was evaluated by
monitoring the decrease in membrane resistance. After the membrane
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resistance had stabilized (between 5 and 40 min after obtaining the G
seal), data were obtained.

Ionotropic glutamate receptors were blocked by adding a broad-
spectrum ionotropic glutamate receptor antagonist, 5 mm kynurenic acid
(Fluka Chemical, Ronkonkoma, NY) to the ACSF. The total IPSC was
blocked by the sequential addition of 2 um strychnine (Sigma), a glycine
receptor antagonist, and 10 puM bicuculline methobromide (Research
Biochemicals, Natick, MA), a GABA 4 receptor antagonist, to the ACSF.
During the course of these experiments, we discovered a subpopulation
of GABA, receptors that were less sensitive to bicuculline, and this
antagonist was used at higher concentrations in some experiments, as
indicated.

A one-way ANOVA followed by pairwise comparisons (Student’s ¢
test) was used to assess whether significant differences existed between
neurons from control and bilaterally ablated animals, except as noted in
Results. All values are expressed as mean = SEM, with the number of
observations in parentheses. The E|pgc was calculated from linear fits of
the current-voltage curves plotting IPSC amplitude versus membrane
holding potential. Inhibitory synaptic conductance was calculated as the
slope of these same current—voltage curves.

RESULTS

Of the total number of IC neurons recorded in whole-cell voltage-
clamp mode from control and experimental animals (n = 49), 27
were recovered histologically and were assigned to locations in
the rostrocaudal plane and the central or lateral position. Four-
teen cells were located in central positions, and the remaining
stained cells were located either in lateral positions in the IC or in
the border between the central and external cortex of the IC.
Centrally located neurons within the IC generally exhibited the
largest postsynaptic currents. All recorded IC neurons displayed
a synaptic response to independent stimulation of the CIC and
the LL afferent pathways. Before the addition of kynurenic acid,
LL- and CIC-evoked compound PSCs were typically inward at
E,oa = —80 and outward or mixed at £, = —20 (Fig. 1).

Synaptic physiology in control neurons

The LL-evoked PSC amplitudes are shown for control neurons in
Table 1 and Figure 14. At E,,q = —80, the application of
kynurenic acid (K'YN) reduced LL-evoked inward synaptic cur-
rents by >60% but did not affect PSC amplitude at £,y = —20
(Table 1). The synaptic current that remained in the presence of
KYN (total IPSC) was composed of glycinergic and GABAergic
components. The addition of 2 uM strychnine (SN) decreased the
IPSC by 35-40%, and the addition of 10 um bicuculline (BIC) led
to a further reduction in amplitude (Table 1, Fig. 14). However,
a significant synaptic current (>20 pA) remained in 7 of 17
control IC neurons, even in the presence of all three antagonists.
Three of these neurons were tested with 5 um SN, but this did not
decrease the remaining current. In four of these neurons, increas-
ing BIC to 20-50 uM led to the elimination of the remaining
currents.

Given the apparent differential sensitivity of IC neurons to
bicuculline, a set of dose-response experiments were per-
formed with BIC. Figure 24 shows the response of increasing
BIC concentrations on the amplitude of the postsynaptic
GABAergic current in one IC neuron (in the presence of KYN
and SN). The inhibition produced by 10 um BIC varied from 50
to 100% among the individual IC neurons (Fig. 2B). In all
cases, the remaining currents in the presence of KYN, SN, and
10 uwm BIC were completely abolished by increasing the con-
centration of BIC to 50 puM.

Bilateral deafferentation: passive membrane properties

Bilateral cochlear ablation (BCA) did not produce a large change
in the passive membrane properties of IC neurons. Membrane
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LL- and CIC-evoked synaptic currents from control and deafferented (BCA) neurons. Recordings were performed in whole-cell voltage clamp

with cesium gluconate in the internal pipette solution. 4, LL-evoked total PSCs are inward at —80 mV and outward at —20 mV for the control neuron.
In BCA neurons, the total PSC tended to be inward at both —80 and —20 mV. In the presence of KYN the amplitude of the LL-evoked total IPSC was
smaller in the BCA neuron (right) both at —20 and at —80 mV. With the addition of SN, LL-evoked GABAergic IPSCs were also smaller in the BCA
neuron (right). After the addition of BIC, a measurable LL-evoked IPSC was still present in the control neuron but was absent in the BCA neuron. B,
CIC-evoked PSCs were inward at —80 mV and outward at —20 mV for the control neuron. In the BCA neuron, the total PSC was inward at both —80
and —20 mV. In the presence of KYN, the amplitude of the CIC-evoked total IPSC was smaller in the BCA neuron (right) at —20 mV but similar to
the control neuron at —80 mV. With the addition of SN, the CIC-evoked GABAergic IPSC was smaller in the BCA neuron (right) at —20 mV but similar
to the control neuron at —80 mV. After the addition of BIC, a measurable CIC-evoked IPSC remained in the control neuron but was absent in the BCA
neuron. The control neuron was from a P10 animal, and the BCA neuron was from a P11 animal.

Bilateral deafferentation: whole-cell
voltage-clamp recordings

input resistance was not significantly altered in BCA neurons
(control, 311 = 28 MQ; n = 15; BCA, 268 = 45 MQ; n = 16).

However, BCA caused a small, but significant, decrease in the
membrane time constant from 30 + 2 msec (n = 15) in control to
22 * 2 msec (n = 16) in BCA neurons (df = 29; ¢t = —2.388; p =
0.02). A decrease in the membrane time constant suggests that
synaptic responses should be faster in BCA neurons. However,
LL-evoked IPSCs from control neurons actually exhibited a
slightly larger rising slope compared with BCA neurons (control,
—55 = 9 pA/msec; BCA, —32 = 5 pA/msec; df = 43; r = 2.112;
p = 0.04). Therefore, passive membrane properties of BCA
neurons were not expected to influence our measures of synaptic
transmission.

The following experiments document the size of evoked synaptic
currents under different pharmacological conditions. The goal
was to isolate the inhibitory component (IPSCs) in control and
BCA neurons. The IPSCs were analyzed at an E, 4 of —20 and
—80 mV because the E;pgc Was generally in between these two
potentials. The changes that we observed were similar for LL-
and CIC-evoked synaptic currents. Therefore, the results are
presented together in this section, and all results are summarized
in Tables 1 and 2.

Whole-cell voltage-clamp recordings were obtained with ce-
sium gluconate in the internal pipette solution. Figure 1 shows
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Table 1. LL-evoked postsynaptic current amplitude in control and BCA animals

ACSF KYN

KYN + SN KYN + SN + BIC

Eyoa = =80 (pA)
Control =377 £ 46 (27)
BCA =216 = 32 (20)*
Epoia = =20 (pA)
Control +56 = 14 (25)
BCA —10 = 14 (22)***

—130 = 24 (25)
—51 = 10 (20)**

+62 = 12 (23)
+13+5 (20)0**

—85 + 21 (18)
—-39+9 (15)

—31+11(17)
—2+2 (15)*

+41+9 (21)
+11+8 (15)*

+15+6 (19)
0=0 (15)*

Values are mean = SEM (n). ACSF, No antagonists; KYN, 5 mm kynurenic acid; SN, 2 um strychnine; BIC, 10 um bicuculline.
*p < 0.05; **p < 0.01; ***p < 0.005 versus control neurons under the same conditions (ANOVA followed by ¢ test).

examples of afferent-evoked synaptic currents in control and BCA
neurons under each pharmacological condition. Although there
was a significant decrease in the maximum amplitude of the
LL-evoked mixed PSCs (Table 1, Fig. 14), we do not believe that
these effects can be interpreted easily. Therefore, our analyses
focused on pharmacologically isolated synaptic inhibition.

The amplitudes of LL-evoked total IPSCs were significantly
decreased, both at E, 4 = —20 and —80 mV (Fig. 14, Table 1).
The maximum amplitude of LL-evoked IPSCs was ~70%
smaller at —80 mV (df = 43; r = 2.76; p = 0.008) and ~80%
smaller at —20 mV (df = 41; ¢ = —3.63; p = 0.0008). Further-
more, [PSC duration was also decreased significantly after abla-
tion (df = 43; ¢t = —3.81; p = 0.0004). For example, at a holding
potential of —80 mV, control IPSCs had a maximum duration of
125 = 12 msec (n = 25), and this declined to 61 = 11 msec (n =
20) in BCA neurons.

The amplitude of CIC-evoked postsynaptic currents in control
and BCA neurons under each pharmacological condition is shown
in Figure 1B and Table 2. Interestingly, BCA neurons only
displayed smaller IPSCs at £, = —20 mV (df = 44;¢ = —2.82;
p = 0.007). At this holding potential, the maximum CIC-evoked
total IPSCs were ~80% smaller than those of control neurons
(Fig. 1B, Table 2). Although the mean total IPSC amplitude was
40% below controls at E, 4 = —80, this value did not reach
significance.

The dissimilar findings at each holding potential could be
explained if E; pgc shifted toward —20 mV in BCA neurons. That
is, the reduced IPSC amplitude at a holding potential of —20 mV
may be attributable to reduced activity of GABA or glycine
receptors, decreased presynaptic transmitter release, and a de-
creased driving force. In contrast, the IPSC amplitude recorded
at a holding potential of —80 mV was not reduced, because an
increase in chloride driving force could compensate for decreased
receptor function or transmitter release.

In fact, BCA neurons exhibited a significant depolarizing shift
in the total IPSC reversal potential (df = 41; ¢ = 2.9; p = 0.005).
The E|pgc of control neurons was —40 * 3 (n = 23) versus —26 =
4 (n = 20) mV in BCA neurons. A similar finding was observed
for LL-evoked IPSCs (data not shown). Figure 3 shows examples
of E|psc measured in one control and one BCA neuron. Because
the driving force (Eyq — Erpsc) influences IPSC amplitude, the
inhibitory conductance was calculated from the slope of the IPSC
current-voltage curves. For CIC-evoked currents, there was a
significant decrease in the conductance of the total IPSC (df =
36;t = —2.66; p = 0.011) in BCA neurons (Fig. 4). The conduc-
tance for LL-evoked total IPSC was also significatively decreased
in ablated animals (df = 36; ¢t = —3.32; p = 0.002).

To determine whether the changes in evoked-IPSCs were
attributable to changes in GABAergic afferents, neurons were
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Figure 2. Sensitivity of LL-evoked GABAergic IPSCs to bicuculline in
control neurons. 4, LL-evoked GABAergic IPSCs were obtained in the
presence of 5 mm KYN and 2 um SN at a holding potential of 0 mV. The
BIC concentration is indicated on each trace. In this P14 neuron, there
was a remaining IPSC at 20 um BIC, but 50 uM eliminated the response.
B, Bicuculline dose—response curves are shown for nine IC neurons. The
LL-evoked response was expressed as a percentage of GABAergic IPSC
recorded in the presence of KYN and SN only. The traces in A are
represented by squares. The IPSC reduction produced by 10 um BIC
varied among the different neurons from 40 to 100%. In all neurons, the
remaining IPSC was completely eliminated in the presence of 50 um BIC.

bathed in 5 mm KYN plus 2 um SN. Table 1 shows that LL-
evoked GABAergic IPSCs were smaller in BCA neurons com-
pared with controls. Table 2 shows that CIC-evoked IPSCs were
smaller at a holding potential of —20 but not —80 mV. Again, this
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Table 2. CIC-evoked postsynaptic current amplitude in control and BCA animals

ACSF KYN KYN + SN KYN + SN + BIC
Epoia = —80 (pA)
Control =264 + 40 (27) —102 £ 21 (24) =59 = 14 (19) —-15+4(17)
BCA —180 = 29 (22) —63 £12(22) —53 =16 (16) -5 *2(16)*
Epoia = =20 (pA)
Control +54 = 17 (26) +61 = 16 (24) +39 =9 (20) +10 £ 2 (18)
BCA —4 =15 (23)* +11 £5 (22)** +15 =5 (16)* +1 =1 (16)**

Values are mean = SEM (n). ACSF, No antagonists; KYN, 5 mm kynurenic acid; SN, 2 um strychnine; BIC, 10 um bicuculline.
*p < 0.05; **p < 0.01 versus control neurons under the same conditions (ANOVA followed by ¢ test).
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Figure 3. Effect of deafferentation on IPSC reversal potential assessed
with whole-cell voltage-clamp recordings using cesium gluconate in the
internal pipette solution. 4, CIC-evoked IPSCs are shown for a P10
control neuron (left) and a P11 BCA neuron (right). B, The current—
voltage relationship for inhibitory currents shown in A. The plot for the
BCA neuron was unusually steep even though BCA conductance was
smaller on average (see Results for details). The E|pgc Was approximately
—45 mV in the control neuron (black line) and —30 mV in the BCA
neuron ( gray line).

was probably because of the 15 mV depolarization of the
GABAergic E;psc (control, —44 = 3 mV; n = 18; BCA, —29 =
6 mV;n = 14; df = 30;¢ = 2.383; p = 0.0237). As shown in Figure
4, the calculated conductance for CIC-evoked GABAergic IPSCs

LL-evoked IPSCs CIC-evoked IPSCs

47 Total  GABAergic 4+ Total GABAergic
- T - T
31 31
] T o
2
[
®

14

Cil BCA Cu BCA Ctl BCA Cil BCA

Figure 4. Conductance of LL- and CIC-evoked total and GABAergic
IPSCs in control ( gray bars) and BCA (open bars) neurons. Data are from
whole-cell voltage-clamp recordings. Total inhibitory currents were ob-
tained in the presence of KYN, and GABAergic synaptic currents were
obtained in the presence of KYN and SN. Values are means = SEM (n).
*p < 0.05; **p < 0.01; ***p < 0.005 versus control neurons under the
same condition.

was ~50% smaller in BCA neurons (df = 27; ¢t = —2.40; p =
0.023). A similar observation was made for LL-evoked GABAer-
gic IPSCs (Fig. 4).

In control IC neurons, a significant component of the IPSC
remained in the presence of all three antagonists (5 mm KYN, 2
M SN, and 10 pum BIC). This was found for both LL- and
CIC-evoked IPSCs (Tables 1, 2). However, this remaining cur-
rent was absent in BCA neurons at all holding potentials. There-
fore, the GABAergic component that was less sensitive to BIC in
control neurons (Fig. 2) was apparently absent after
deafferentation.

Gramicidin-perforated patch recordings

Because our initial results with whole-cell recordings showed that
the IPSC equilibrium potential was regulated by ablation, we
repeated the experiments using gramicidin-perforated patch re-
cordings in which chloride ions do not pass through the perfora-
tion. Furthermore, we used normal potassium in the pipette so as
not to perturb potassium chloride cotransporter mechanisms (Ka-
zaku et al,, 1999). In perforated patch recordings, the resting
membrane potential of control and BCA neurons was —55 = 1
mV (n = 45) and =58 = 1 mV (n = 33), respectively.

Figure 54 shows LL-evoked IPSCs obtained at a series of
holding potentials for individual control and BCA neurons. The
current-voltage relationship was linear in both cases (Fig. 5B). As
shown in Figure 64, the Epgc measured in the presence of KYN
was depolarized by 24 mV after deafferentation (control, —74 *
2mV;n =45; BCA, —50 £ 2mV;n = 33;df = 76;t = 8.537;p <
0.0001). The intracellular C1~ concentration ([C17];) was calcu-
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Figure 5. Effect of deafferentation on IPSC reversal potential assessed
with gramicidin-perforated patch recordings and potassium chloride in
the internal pipette solution. A, LL-evoked IPSCs are shown for a P10
control neuron (left) and a P8 BCA neuron (right). B, Current-voltage
relationship for inhibitory currents shown in 4. The E|pgc Was approxi-
mately —65 mV in the control neuron (black line) and —40 mV in the
BCA neuron ( gray line).

lated by the Nernst equation, assuming: E-,- = E;psp = RT/
FIn([C1]/[C17];). Given an extracellular free C1~ concentra-
tion ([C1],) of 133.8 mMm, and T = 293 K (20°C), the estimated
[CI7]; was elevated from 8 = 1 mm (rn = 45) in control neurons
to 22 = 3 mMm (n = 33) in BCA neurons. This calculation assumes
that the ligand-coupled channels are exclusively permeable to
Cl™. As shown in Figure 6B, the effect of deafferentation on
Epsc was rapid. The regression lines through the plot indicate
that the control and experimental groups diverged within 1 d of
the manipulation. Multiple ANOVA of these data indicated a
significant effect of both age (F = 5.12; p = 0.026) and experi-
mental condition (F = 73.96; p < 0.0001). Also shown in Figure
6B are the results of recordings from control P7 neurons, the age
of the bilateral ablations, which showed that E;pg was —55 = 5
mV (n = 8).

Because the effect of BCA was very rapid (Fig. 6B), an addi-
tional set of control experiments were performed to determine
whether the short period of surgical anoxia could account for the
findings. P7 animals were anesthetized with hypothermia until
respiration stopped, but no surgery was performed. Recordings
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were then made at P10-P11 to determine the possible influence
of anoxia. The E|pg for neurons from anesthetized animals was
—68 = 3 mV (n = 6), and this value was not significantly different
from neurons from nonanesthetized age-matched controls (df =
26; t = 1.769; p > 0.05).

Paired pulse facilitation in control and

deafferented neurons

The presynaptic release characteristics were evaluated by deliv-
ering paired stimulus pulses and measuring the relative amplitude
of the second IPSC. Two pulses of equal strength were delivered
at interpulse intervals of 200, 100, 50, and 33 msec. This analysis
was performed with stimuli that elicited a minimum IPSC ampli-
tude (presumed to reflect the evoked response of one or a few
inhibitory terminals). As shown in Figure 74, control neurons
showed an increase in the amplitude of the second LL-evoked
IPSC compared with the first at all interpulse intervals tested, and
this facilitation was small or absent in BCA neurons. Figure 7B
shows the mean values for each pulse interval. Significant differ-
ences between control and BCA neurons were observed at stim-
ulus intervals of 10 (df = 29; ¢t = —2.11; p < 0.043), 20 (df = 29;
t = —3.81; p <0.001), and 30 Hz (df = 27;t = —2.93; p = 0.007).
Results were similar for paired pulses delivered to the CIC
pathway (data not shown).

DISCUSSION

The major finding of this study was that deafferentation influ-
enced the development of inhibitory synapses in IC neurons via a
postsynaptic alteration of the chloride equilibrium potential and a
change in presynaptic release mechanisms. The bilateral cochlea
ablations were performed at P7, ~4 d before the onset of sound-
driven activity, and the synaptic effects were observed within 24
hr. Cell death can be detected in the gerbil cochlear nucleus at 2 d
after ablation (Hashisaki and Rubel, 1989), although the process
is not yet complete. Therefore, we suggest that changes in syn-
aptic transmission were elicited by both the loss of spontaneous
synaptic activity and the physical loss of afferents. In fact, spon-
taneous discharges have been recorded in the gerbil IC from P9 to
P13 (Kotak and Sanes, 1995). Moreover, spontaneous activity in
the IC is much lower in acutely ablated animals (Bock and
Webster, 1974; Shepherd et al., 1999). The effects were similar,
but not identical, for inhibitory afferents of the LL and CIC
pathways. Although this could be attributable to the differential
loss of afferents in the two pathways that is secondary to dener-
vation, there is currently no information on this point. Deaffer-
entation did not alter resting membrane potential or input resis-
tance. There was a small, but significant, decrease in the
membrane time constant, suggesting that BCA neurons may have
atrophied, resulting in a smaller membrane capacitance. Because
the slope of LL-evoked IPSC was actually faster in BCA neurons
(see Results), the passive membrane properties did not appar-
ently affect our measures of synaptic transmission.

Inhibitory synaptic currents in control IC neurons

Both CIC and the LL provide strong inhibitory and excitatory
input to gerbil IC neurons, and such mixed input can be dissected
pharmacologically in a brain slice preparation (Smith, 1992; Wag-
ner, 1996; Lo et al., 1998; Moore et al., 1998). Because total PSCs
are a result of complex interactions between excitatory and in-
hibitory components (Moore et al., 1998), we chose not to calcu-
late the “excitatory” component by substracting total IPSCs from
the compound PSCs. Therefore, the present study leaves open the
question of whether there is BCA-induced modification of LL-
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and CIC-evoked excitatory synaptic currents. Furthermore, al-
though much is known about the anatomy of ascending inhibitory
projections to the IC, the present findings do not identify how
each afferent source is affected by the manipulation (Adams,
1979; Nordeen et al., 1983; Coleman and Clerici, 1987; Shneider-
man et al., 1988, 1993; Saint Marie and Baker, 1990; Saldafia and
Merchan, 1992; Malmierca et al., 1995; Winer et al., 1995;
Gonzalez-Hernandez et al., 1996; Merchan et al., 1997; Oliver et
al., 1997; Saint Marie et al., 1997).

All neurons displayed LL- and CIC-evoked IPSCs (Fig. 1;
Tables 1, 2), similar to our published results (Moore et al., 1998),
with the exception that the recorded currents were somewhat
larger in the present study. This may be attributed to the location
of recording. In this study, recording sites were restricted to the
most central region of the IC at a rostrocaudal level that included
the largest number of lemniscal fibers entering the ventral IC.
Our experience is that neurons in this location tend to have the
largest evoked inhibitory currents. Both LL- and CIC-evoked
IPSCs had comparable GABAergic and glycinergic components.
Moore et al. (1998) showed that the LL pathway provided
GABAergic and glycinergic input to IC neurons, as expected
from the diverse innervation that IC neurons receive from audi-
tory brainstem nuclei (Saint Marie and Baker, 1990; Shneiderman
et al., 1993; Gonzédlez-Hernandez et al., 1996; Saint Marie et al.,
1997). 1t is possible that the SN-sensitive component of CIC-
evoked IPSCs was an artifact, because immunocytochemical
studies indicate that inhibitory CIC projections are GABAergic
(Gonzalez-Hernandez et al., 1996), and glycinergic neurons are
absent in adult IC (Winer et al., 1995). The close proximity of the
CIC stimulating electrode to the border of IC could have directly
activated glycinergic terminals within the IC. However, direct
stimulation of terminals attributable to current spread would have
produced a negligible latency between stimulus artifact and [IPSC
onset, and this was not observed (Fig. 1B). A more plausible
explanation is the coexistence of both GABA- and glycine-
mediated inhibition in immature CIC afferents. For example,
inhibitory afferents in the developing LSO co-release GABA and
glycine, but the GABAergic component declines with age (Kotak
et al., 1998).

Control neurons also displayed a differential sensitivity to bicu-
culline (Fig. 2). Similar results have been reported previously in
developing tissue (Liu et al., 1998). This observation suggests that
GABA, receptor subunit expression in the developing IC may
produce heteromeric receptors with different pharmacological
characteristics (Laurie et al., 1992; Fritschy et al., 1994).

Inhibitory synaptic strength decreases

after deafferentation

Bilateral cochlear ablation at P7 caused a significant decrease in
the amplitude of evoked inhibitory synaptic currents in the IC
(Fig. 1; Tables 1, 2). This effect was more pronounced in the LL
pathway compared with the CIC pathway, possibly because of a
decrease in the number of presynaptic afferents from lower brain-
stem nuclei. A decrease in the number of inhibitory LL afferents
would be expected, because partial or complete cochlear dysfunc-
tion during early postnatal development can produce rapid cell
death in the cochlear nucleus (Parks, 1979; Hashisaki and Rubel,
1989). It is not known whether there is compensatory sprouting
after bilateral ablation, as occurs in unilaterally ablated animals
(Moore and Kitzes, 1985; Kitzes et al., 1995; Russell and Moore,
1995).

Whether or not afferents were lost after deafferentation, this
study demonstrated that the physiology of remaining inhibitory
afferents was altered significantly. In particular, the reversal po-
tential of evoked IPSCs was depolarized. Our initial whole-cell
recordings showed a 14 mV depolarization for total IPSCs and
for the pure GABAergic IPSCs (Fig. 3). However, even control
neurons displayed IPSC reversal potentials that were positive to
that predicted by the intracellular and extracellular C1 ™~ concen-
trations. One factor that may lead to a depolarized Epgc is the
presence of cesium in the recording pipette, which may cause a
reversal of the potassium chloride cotransporter (Kazaku et al.,
1999). Therefore, an extensive set of recordings was made in
control and ablated animals using gramicidin-perforated patch
recordings (Rhee et al., 1994; Kyrozis and Reichling, 1995;
Owens et al., 1996) with potassium chloride in the pipette
solution.

In perforated patch recordings, the mean E,ps- from BCA
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Figure 7. Analysis of paired pulse facilitation. 4, Stimuli that evoked the
minimum IPSC amplitude were delivered to the LL pathway at frequen-
cies of 5, 10, 20, and 30 Hz in a control (left) and a BCA (right) neuron.
The amplitude of the second IPSC was larger at all the stimulus intervals
for the control neuron (left) but was unchanged in the BCA neuron (right).
The holding potential was —80 mV (thus, synaptic currents are somewhat
smaller for the control neuron, because E|pg- Was —45 mV, whereas E| pgc
was —10 mV for the BCA neuron). B, Summary of the effect of paired
pulse stimulation in neurons from control (black circles) and BCA ( gray
circles) animals. Data were obtained after electrical stimulation of the LL
pathway in the presence of 5 mM KYN. Data from whole-cell and
gramicidin-perforated recordings were pooled; n = 14 for BCA and 17 for
control. *p < 0.05; ***p < 0.0001, ANOVA followed by ¢ test.

neurons was depolarized by 24 mV. Furthermore, this effect was
present within 1 d of bilateral ablation (Figs. 5, 6). A similar
observation was made previously in the LSO, although the data
were obtained with whole-cell recordings in current clamp (Kotak
and Sanes, 1996). A depolarization of E g would be expected to
alter the IPSC driving force, and this would affect the IPSC
amplitude recorded at different holding potentials. Thus, our
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failure to see significant changes on the CIC-evoked total and
GABAergic IPSCs and LL-evoked GABAergic IPSCs at —80
mV is attributable to the fact that the depolarization of Epgc
increased the driving force when BCA neurons were held at —80
mV, enhancing the evoked IPSC amplitude.

The mechanisms responsible for E|pg depolarization are not
yet understood; a growing body of literature indicates that the
complement of chloride transporter proteins may underlie the
depolarizing GABA- and glycine-evoked responses in immature
neurons (Payne et al., 1996; Plotkin et al., 1997; Backus et al.,
1998; Kazaku et al., 1999; Rivera et al., 1999; Williams et al.,
1999). Furthermore, anoxia has been shown to depolarize the
reversal potential of GABAergic IPSCs in the hippocampus
(Katchman et al., 1994). Thus, we would speculate that the
intracellular chloride accumulation induced by deafferentation is
caused by an alteration of chloride extrusion mechanisms, such as
the K*/C1~ cotransporter. Alternatively, the Na™/K*/Cl~
(NKCC) cotransporter, which pumps chloride into the postsyn-
aptic cell, may be overactive. It has been found that NMDA
receptor activation can stimulate an NKCC cotransporter (Sun
and Murali, 1998). Whether BCA causes GABAergic and glycin-
ergic transmission to become excitatory (e.g., to evoke action
potentials) remains to be determined.

There was also a large reduction of inhibitory strength that was
apparently independent of driving force. The conductance of
evoked IPSCs was reduced by ~50%, and this was found for both
the LL and CIC afferents (Fig. 4). This could have occurred as a
result of loss of inhibitory afferents, reduction in the amount of
GABA or glycine release, reduction of postsynaptic GABA or
glycine receptors, or an alteration in the functional status of these
receptors. In fact, we observed that deafferentation resulted in the
apparent loss of a class of GABA , receptors that are less sensitive
to BIC. In control neurons, there was often an evoked IPSC that
remained in the presence of KYN, SN, and 10 um BIC. However,
this remaining IPSC was not observed in BCA neurons (Tables 1,
2). This may indicate an alteration in the expression of GABA ,
receptor subunits, as shown in presbycusis (Milbrandt et al.,
1997).

We also found that the inhibitory transmission is disrupted at
presynaptic terminals after deafferentation. A paired stimulus
protocol was used to evaluate the function of inhibitory terminals
in control and BCA neurons (Fig. 7). Control neurons displayed
an increase in the synaptic response to the second stimulus pulse
at rates of 10, 20, and 30 Hz, and this potentiation was virtually
absent in BCA neurons. This observation indicates that neuro-
transmitter production and/or release from the presynaptic ter-
minal is disrupted by deafferentation. A decrease in GABA
release in the inferior colliculus has been reported after BCA
(Bledsoe et al., 1995) and in hippocampal neurons from animals
treated with kainate or pilocarpine (Hirsch et al., 1999). There is
also a decrease of GABA and glycine release in several nuclei
with projections to IC after partial deafferentation (Suneja et al.,
1998a).

Compensatory sprouting of afferent projections after the re-
moval of one cochlea leads to novel projections in the gerbil
superior olive and inferior colliculus (Moore and Kitzes, 1985;
Kitzes et al., 1995; Russell and Moore, 1995). These changes
extend to a molecular level. Sensory deprivation results in alter-
ations of transmitter release (Bledsoe et al., 1995; Potashner et al.,
1997; Suneja et al., 1998a) and changes in the distribution of
excitatory and inhibitory receptors (Suneja et al., 1997, 1998b;
Koch and Sanes, 1998). In vivo electrophysiological studies con-
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firm that these structural alterations produce novel sound-evoked
coding properties (Kitzes and Semple, 1985; Bledsoe et al., 1995).
The present results indicate that normal innervation, before
sound-driven activity, regulates inhibitory transmission in IC
neurons. Short-term deafferentation led to a decrease in LL- and
CIC-evoked IPSC amplitude, partially because of a postsynaptic
alteration in chloride equilibrium potential. In addition, deaffer-
entation caused a decrease in the functionality of single inhibitory
synaptic terminals. Therefore, alterations in auditory processing
after deafness may be caused by physiological changes of inhibi-
tory synaptic transmission.
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