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Amplitude Normalization of Dendritic EPSPs at the
Soma of Binaural Coincidence Detector Neurons of the
Medial Superior Olive

Bradley D. Winters,* Shan-Xue Jin,* Kenneth R. Ledford, and ““Nace L. Golding

University of Texas at Austin, Department of Neuroscience and Center for Learning and Memory, Austin, Texas 78712-0248

The principal neurons of the medial superior olive (MSO) encode cues for horizontal sound localization through comparisons of the
relative timing of EPSPs. To understand how the timing and amplitude of EPSPs are maintained during propagation in the dendrites, we
made dendritic and somatic whole-cell recordings from MSO principal neurons in brain slices from Mongolian gerbils. In somatic
recordings, EPSP amplitudes were largely uniform following minimal stimulation of excitatory synapses at visualized locations along the
dendrites. Similar results were obtained when excitatory synaptic transmission was eliminated in a low calcium solution and then
restored at specific dendritic sites by pairing input stimulation and focal application of a higher calcium solution. We performed dual
dendritic and somatic whole-cell recordings to measure spontaneous EPSPs using a dual-channel template-matching algorithm to
separate out those events initiated at or distal to the dendritic recording location. Local dendritic spontaneous EPSP amplitudes increased
sharply in the dendrite with distance from the soma (length constant, 53.6 ym), but their attenuation during propagation resulted in a
uniform amplitude of ~0.2 mV at the soma. The amplitude gradient of dendritic EPSPs was also apparent in responses to injections of
identical simulated excitatory synaptic currents in the dendrites. Compartmental models support the view that these results extensively
reflect the influence of dendritic cable properties. With relatively few excitatory axons innervating MSO neurons, the normalization of
dendritic EPSPs at the soma would increase the importance of input timing versus location during the processing of interaural time
difference cues in vivo.
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The neurons of the medial superior olive analyze cues for sound localization by detecting the coincidence of binaural excitatory
synaptic inputs distributed along the dendrites. Previous studies have shown that dendritic voltages undergo severe attenuation
as they propagate to the soma, potentially reducing the influence of distal inputs. However, using dendritic and somatic patch
recordings, we found that dendritic EPSP amplitude increased with distance from the soma, compensating for dendritic attenu-
ation and normalizing EPSP amplitude at the soma. Much of this normalization reflected the influence of dendritic morphology.
As different combinations of presynaptic axons may be active during consecutive cycles of sound stimuli, somatic EPSP normal-
ization renders spike initiation more sensitive to synapse timing than dendritic location. j

ignificance Statement

sounds along the horizontal plane (Grothe, 2003). MSO neu-
rons perform this computation through coincidence detec-
tion. They increase their firing rate according to the level of
synchrony in the arrival times of EPSPs driven by sounds at the

Introduction

In mammals, the principal neurons of the medial superior
olive (MSO) are a key component in the processing of
interaural time differences (ITDs), the binaural cues that re-

flect differences in the location of low-frequency (<2 kHz)
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To maintain fine temporal resolution of coincidence detec-
tion in MSO neurons, EPSPs must rise and decay quickly so that
their window for temporal and spatial summation is narrow.
MSO neurons express the GluA3 and GluA4 flop splice variants
of AMPARs and omit GluA2 subunits (Caicedo and Eybalin,
1999; Schmid et al., 2001), a subunit combination associated with
receptors exhibiting high calcium permeability and rapid kinetics
(Lomeli et al., 1994; Geiger et al., 1995). AMPARs with similar
features are consistently found in brainstem auditory neurons
that encode temporal features of sound with precision (Smith et
al., 2000; Gardner et al., 2001).

MSO principal neurons have a stereotyped bipolar architec-
ture, with each dendrite being ~100-200 wm in length. Their
ipsilateral and contralateral excitatory inputs are segregated onto
lateral and medial dendrites, respectively (Lindsey, 1975; Cant
and Casseday, 1986; Smith et al., 1993; Beckius et al., 1999). Ex-
citatory boutons are distributed all along the shafts of the non-
spiny dendrites and soma and exhibit multiple release sites per
bouton (Clark, 1969; Perkins, 1973; Lindsey, 1975; Brunso-
Bechtold et al., 1990). In vitro experiments have estimated the
minimum number of excitatory axons per side to be between 2
and 4 (Couchman et al., 2010), but each axon is highly branched
(Smith et al., 1993; Beckius et al., 1999) and makes multiple syn-
apses per dendrite (Clark, 1969).

Integration of excitatory inputs along dendrites affects the reso-
lution and accuracy of binaural coincidence detection, as EPSPs
originating distally would be expected to undergo more severe cable
filtering than their proximal counterparts, resulting in strong atten-
uation in amplitude, delays in rise time, and prolongation of dura-
tion (Rinzel and Rall, 1974). Several factors reduce distortions in
EPSP timing in MSO neurons. Mature MSO principal neurons
exhibit sparsely branched, large-caliber dendrites (Smith, 1995;
Rautenberg et al., 2009), which reduce axial current flow and accel-
erate the decay rate of EPSPs (Agmon-Snir et al., 1998; Mathews et
al., 2010). The interplay between synaptic excitation and voltage-
gated channels also plays a key role in offsetting the effects of cable
filtering. MSO neurons exhibit a somatically biased gradient of
KCNAL1 (Kv1) potassium channels that actively repolarize EPSPs,
particularly those whose duration is increased by cable filtering
(Scottetal., 2005; Mathews et al., 2010). Kv1 channels thus maintain
a uniform duration of EPSPs independent of synapse location in
the dendrites. MSO neurons also express a high density of
hyperpolarization and cyclic nucleotide gated (HCN) chan-
nels, which mediate a strong resting conductance, thus im-
parting fast rising and decaying voltage changes (Khurana et
al., 2011, 2012; Baumann et al., 2013).

The combined effects of KCNA1 and HCN channels create
strong attenuation of voltages between the dendrites and soma
(Mathews et al., 2010), potentially reducing the influence of
distal synapses. Further, voltage-gated Na™ channels are not
strongly expressed in the dendrites of MSO neurons, and den-
dritic electrogenesis has not been observed (Scott et al., 2010).
In the present study, we asked how distal synaptic events ef-
fectively reach the soma of MSO neurons to contribute to
binaural coincidence detection. We provide evidence that the
amplitude of EPSPs increases distally along the dendrites and
compensates for the attenuation of EPSPs as they propagate
along the dendrites to the soma. Thus, the functional impact
of different excitatory axons is determined primarily by the
number of synapses made and their timing of activation, but
not by their dendritic location.
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Materials and Methods

Tissue preparation. All animal procedures were approved by the Univer-
sity of Texas at Austin Animal Care and Use Committee in accordance
with the guidelines of the National Institutes of Health. Mongolian ger-
bils of both sexes were used at 16—25 d old. These animals were bred at
the University of Texas at Austin or procured from Charles River Labo-
ratories. Animals were decapitated under isoflurane anesthesia and the
brain quickly removed in oxygenated ACSF at 32°C. ACSF contained
the following (in mm): 125 NaCl, 2.5 KCl, 1.5 CaCl,, 1.5 MgSO,, 25
NaHCO;, 1.25 NaH,PO,, 25 dextrose, pH 7.40 with NaOH, ~310
mmol/kg. The brainstem was blocked, and horizontal slices containing
the MSO were cut using a vibrating microtome (200 wm thickness;
VT1200S, Leica). The slices were incubated in ACSF at 35°C for 30 min.
and then maintained at room temperature until they were transferred to
the stage for recordings.

Electrophysiology. MSO principal cells were visualized using infrared
differential interference contrast (DIC) microscopy (Axioskop 2 FS Plus
with 40X or 60X objective, Zeiss) and were selected based on their loca-
tion in the slice, soma shape, dendritic arborization, and responses to
current steps (Scott et al., 2005).

Recordings were made with thick-walled borosilicate glass pipettes
with resistances of 2—4 M) for somatic recordings and 6-11 mQ for
dendritic recordings (1.5 or 1.65 OD, Sutter Instruments). Pipettes were
filled with an internal solution containing the following (in mwm): 115
K-gluconate, 4.42 KCl, 0.5 EGTA, 10 HEPES, 10 Na,-phosphocreatine,
~45 sucrose, 4 Mg-ATP, 0.3 Na-GTP, pH 7.30 with KOH, ~300 mmol/
kg. Strychnine (1 uwm, Sigma-Aldrich) was added to the ACSF to block
glycinergic inhibition during all recordings. The temperature of the
ACSF was maintained at 35 = 0.1°C during all recordings.

Recordings were made with Dagan BVC-700A amplifiers in whole-cell
current-clamp mode. Electrical stimulation was performed using a con-
stant current stimulator (Digitimer). Data were low-pass filtered at 5 kHz
and acquired to computer at 50 kHz using custom macros for IgorPro
(Wavemetrics). A liquid junction potential of 10 mV was not corrected.
Recordings were abandoned if series resistance increased >25 m() for
somatic recordings or >50 M{) for dendritic recordings.

Theta electrode stimulation. Animals used for these experiments were
age postnatal day 20 (P20) on average. During whole-cell somatic record-
ings, theta-glass electrodes (~1 wm tip, Warner Instruments, 2 mm OD)
were used to electrically stimulate local axonal inputs at multiple loca-
tions along dendrites visualized with DIC optics. In these experiments,
the Ca®* concentration in the ACSF was lowered (1 mm Ca?", 2 mm
Mg?") to increase synaptic failure rates. Even under these conditions,
there was a steep transition from a few failures to all failures, and stimu-
lated sites with synaptic failure rates =15% emerged as a reasonable
cutoff for minimal stimulation in this configuration. After failures were
removed, the remaining traces (20—40) were averaged and used for fur-
ther analysis. Experiments in which synaptic stimulation sites were var-
ied from distal to proximal locations were alternated with those where
sites were varied from proximal to distal locations.

Focal calcium application. Somatic whole-cell current-clamp recordings
were made from MSO neurons from P21 gerbils on average. To evoke syn-
aptic vesicle release at restricted dendritic locations, slices were bathed in low
Ca®" (0.2 mm Ca*", 2.8 mm Mg>") ACSF to block synaptic transmission.
Calcium was then restored locally at specific dendritic sites with a higher
Ca”" solution via pressure pulses (Pressure System Ile, Toohey) applied
through a 3—5 M() patch pipette. The puffing solution contained the follow-
ing (in mm): 150 NaCl, 1.5 KCl, 25 dextrose, 10 HEPES, 1 MgCl,, 4 CaCl,,
pH 7.40, ~310 mmol/kg. The Ca*" puffs were applied while excitatory
inputs were electrically stimulated with a glass stimulating electrode (~50
wm tip diameter) placed between midline and the ipsilateral medial nucleus
of the trapezoid body. The puffer pipette was placed near the dendrite, and
the location and puff intensity (~4—6 msat 10—15 psi) were adjusted until a
response was obtained exhibiting a failure rate of =15%. Calcium applica-
tion was triggered 40 ms before the electrical stimulation. Such responses
could be eliminated by slowly retracting the calcium application pipette.
Experiments in which dendritic puffing sites were sampled in a distal to
proximal progression were alternated with those sampling in the opposite
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direction. After failures were removed, the re- A
maining traces (20—40) were averaged and used
for analysis.

Dual dendritic-somatic recordings. A custom
2-channel sliding template search algorithm
was used to detect spontaneous EPSPs
(sEPSPs) simultaneously in the soma and den-
drites. Multiple records 7 or 9 s in length were
analyzed. The algorithm scales an EPSP tem-
plate to minimize the sum of squared errors at
each time point and then generates a “detec-
tion criterion” trace for each channel (Cle-
ments and Bekkers, 1997). Events were
classified as EPSPs if the detection criterion in
either the somatic or dendritic channel ex-
ceeded a threshold value of 6. All events were
visually confirmed. The threshold value used
was arrived at empirically by balancing the
number of false positives, which had to be vi-
sually eliminated, with a small number of false
negatives that would go undetected. This was
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accomplished by manual inspection of a large
number of EPSPs from both the somatic and
dendritic traces after template searches at dif-
ferent thresholds. Events were analyzed ac-
cording to individual parameters (amplitude,
half-width, time to peak, rise time), as well as
the relative attenuation between dendritic and
somatic recording sites (EPSP__ . /EPSP . i ie)-
EPSPs were then sorted according to degree of
attenuation and EPSPs arising from nonrecorded
dendrites, where EPSP, \./EPSP .. 4. > 1 were
removed. Of the remaining EPSPs from the re-
corded dendrite, where EPSP, . /EPSP . y.i(c Var-
ied from 0 to 1, we selected a population of highly attenuated EPSPs
(EPSP o/ EPSPepdrite < 0.15) as having arisen near or more distal to the
dendritic recording site. These EPSPs were manually inspected before the
final acceptable population was averaged. Restricting analysis to even higher
levels of attenuation gave similar results, but the resulting decrease in the
number of averaged events increased the influence of recording noise.

We could not measure somatodendritically propagating sEPSPs accu-
rately due to their small size in the distal dendrites (<0.1 mV). As an
alternative, we made simultaneous somatic and dendritic recordings and
stimulated excitatory inputs to the opposite dendrite electrically using a
glass stimulating electrode (i.e., ipsilateral stimulation for medial den-
dritic recordings and contralateral stimulation for lateral dendritic re-
cordings). In some recordings, we additionally characterized the forward
propagation of EPSPs from dendrite to the soma by injecting simulated
EPSCs (simEPSCs) through the dendritic recording pipette. Some of
these data are from additional analyses of recordings that were previously
published (Mathews et al., 2010).

Modeling. An MSO neuron model was constructed with NEURON
software, version 7.4 (Hines and Carnevale, 1997), consisting of a soma,
axon, and two dendrites. The basic model dimensions were as follows:
soma, length = 25 um, diameter = 15 um, Nseg = 1; axon, length = 400
um, diameter = 2 um, Nseg = 51; dendrite, total length = 150 um
(unless otherwise noted), segment length = 10 um, diameter = 3 um
(unless otherwise noted), Nseg = 10. Only the dendrite in which mea-
surements were taken varied in diameter or length as noted in the results.
All compartments were assigned a membrane resistance of 200 {) X cm
and a membrane capacitance of 1 wF/cm?. The soma, axon, and den-
drites were assigned a leak channel with a reversal potential of E; = —58
mV. The maximum conductances were G, = 1 mS/cm? in the soma and
axon and G; = 2 mS/cm? in the dendrites. The axon and dendrites were
also given a low-voltage activated potassium channel (K;,) with kinet-
ics originally described by Rothman and Manis (2003) and modified to
NEURON's NMODL language by Zhou et al. (2005). All other aspects of
Ky a channel expression were derived from Mathews et al. (2010). The
Ky reversal potential for both soma and dendrites was set to Ex =

Figure 1.
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Theta electrode-evoked EPSP amplitudes are largely independent of distance from the soma beyond 35 pm.
A, Schematic diagram showing the experimental layout, including theta-stimulating pipette (S). B, Representative average traces
from a single neuron at 3 different dendritic stimulating locations showing that the amplitude measured at the soma was not
affected by distance from the soma. €, EPSP amplitudes plotted as function of the distance from the soma; n = 17. Gray lines
connect measurements obtained from the same cell. D, The change in EPSP amplitude plotted relative to the change in distance
from the soma for theta electrode recordings that sampled multiple locations on the same cell; n = 13 comparisons. Gray line is at
0mV change. Points above this line indicate an increased amplitude with increased distance from the soma. Points below the line

—106 mV, and the maximum conductance was set to G, = 17 mS/cm 2at
the soma. In the dendrites, K;,, density decreased exponentially as
previously described (Mathews et al., 2010), via the equation Gy =

17(0.6e 7 — 0.05) mS/cm?, where 74 is in wm and is the model space
constant from Mathews et al. (2010). This equation was based on an
empirical fit to the voltage-dependent sharpening of EPSPs observed in
paired dendritic and somatic recordings. Alpha synapses were then
placed centrally in each of the dendrite segments, each with a maximum
conductance of 0.4 mS/cm* and a time constant of 0.2 ms. The effects of
each synapse along the dendrite were examined locally in the dendrite
segment where the synaptic conductance originated and at the soma. The
basic model had a resting membrane potential of —65 mV and a mem-
brane time constant of 0.25 ms.

Statistical analyses. All data were analyzed in IgorPro or Prism 7
(GraphPad). Data are mean * SEM and compared using Student’s ¢ tests
(paired or unpaired as noted). The two-sample Kolmogorov—Smirnov
test was used to compare sEPSP amplitude distributions. Nonlinear re-
gression was performed in Prism using the model for one-phase expo-
nential decay Y = (YO — plateau) X exp (—K X X) + plateau or
exponential growth Y = YO X exp (K X x) where tau (A) is 1/K. Param-
eter confidence intervals (Cls) provided are 95% asymmetric likelihoods.
Fit parameters were compared in Prism using the Extra sum-of-squares F
test. Significance was assessed using an « level of 0.05.

Results

To measure EPSPs originating from known locations in MSO
principal cells, we made whole-cell current-clamp recordings
from the soma of MSO neurons whose dendrites could be visu-
alized for distances up to 100 wm from the soma. A theta glass
stimulating electrode (~1 um tip diameter) was placed within 4
um of the dendrite, and the stimulus strength was adjusted to
evoke minimal EPSPs (failure rate >15%) in the presence of 1 um
strychnine to block glycinergic inhibition. We stimulated 2-3
locations per neuron at distances of 25-98 wm from the somatic
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made somatic whole-cell current-clamp
recordings and lowered bath Ca** to 0.2
mM to inhibit synaptic release throughout
the slice. We then focally restored synaptic
transmission to local areas of the dendrite,
visualized under DIC optics, by pairing
focal application of a higher Ca** solu-
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Figure2.

ms, R = 0.01,n = 20.

recording electrode. Across all dendritic sites, minimal evoked
EPSPs recorded at the soma had amplitudes ranging from 0.79—
3.34 mV and an average amplitude of 1.53 + 0.17 mV (Fig. 1A-C,
n = 17 locations from 7 cells). When we stimulated within 35 um
from the soma, EPSP amplitudes could be larger and were more
variable, ranging from 1.50 to 3.34 mV and averaging 2.29 = 0.32
mV (n = 5). Beyond 35 wm from the soma, the amplitude vari-
ability reduced by 66% and the average was 1.21 £ 0.11 mV (n =
12). For recordings that sampled multiple dendritic locations
on the same neuron, the amplitude was not strongly affected
by increasing distance from the soma. The average change in
amplitude with distance between stimulation locations was
—0.57 = 0.26 mV with the average distance between stimula-
tion locations being 33.00 * 4.81 um and the average change
in amplitude per micrometer —0.020 * 0.010 mV/um (Fig.
1D, n = 13 comparisons).

Because of the nature of electrical stimulation and axonal
branching, theta electrode stimulation experiments likely acti-
vated multiple boutons, possibly located at different dendritic
distances from the soma. To refine our synaptic analysis, we

Distance from Soma (um)

Evoked EPSPs localized by focal dendritic Ca* application are similar at the soma regardless of propagation distance.
A, Schematic diagram showing paired Ca®* puffing and electrical stimulation taking place in low (0.2 mum) Ca®* ACSF.
B, Representative average traces from a single neuron at 3 different dendritic Ca®™ puffing locations showing that the EPSP
amplitude measured at the soma was independent of dendritic origin. ¢, Somatic EPSP amplitudes plotted as function of the
distance propagated from the dendritic site of origin. Gray lines connect measurements obtained from the same cell. Blue dashed
line indicates linear fit; slope = —0.0008 mV/m, YO = 0.63 mV, R = 0.02, n = 20. D, The change in EPSP amplitude plotted
relative to the change in distance from the soma for Ca2™* puffing recordings that sampled multiple locations on the same cell. Gray
lineisat 0 mV change. Points above this line indicate an increased amplitude with increased distance from the soma. Points below
the line indicate a decrease. Blue dashed line indicates linear fit; slope = 0.0004 mV/wm, YO = —0.03 mV,R2 = 0.00,n = 10
comparisons. E, The 10%—90% rise time for responses in €. Blue dashed line indicates linear fit; slope = 0.0000 mV/m, Y0 = 0.3
ms, R2 = 0.00,n = 20. F, Half-width for responses in €. Blue dashed line indicates linear fit; slope = 0.0006 mV/m, YO = 0.7

We again found that there was very little
change with distance. The average change
in amplitude with increasing distance
between puffing locations was 0.01 *
0.05 mV, and the average change in dis-
tance between stimulation locations was
42.40 £ 6.92 um (Fig. 2D, n = 10 com-
parisons). The average change in ampli-
tude per micrometer was 0.000 £ 0.002
mV/pm. Interestingly, the shape of EPSPs
was also uniform during propagation
from the dendrites to the soma. The 10%—
90% rise time and half-width of EPSPs
showed little distance dependence, aver-
aging 0.29 = 0.02 ms and 0.72 = 0.04 ms,
respectively (Fig. 2E, F, n = 20).

The uniformity of the amplitude of somatic EPSPs arising from
different dendritic locations is surprising given the strong attenua-
tion that has been observed in EPSPs propagating from the dendrites
to the soma in previous studies (Mathews et al., 2010), suggesting a
distance-dependent compensatory mechanism. To further address
this question, we made dual somatic and dendritic patch-clamp re-
cordings from MSO neurons and recorded sEPSPs. The sEPSPs were
detected and sorted according to degree of attenuation between the
dendrites and soma using a custom 2-channel template matching
algorithm (see Materials and Methods; Fig. 3 A, B). The sEPSPs were
blocked by CNQX (10 um), indicating they are mediated by AM-
PARs (Fig. 3C,E). There were 117 events recorded in CNQX versus
4081 events in ACSF, yielding a false-positive rate of 2.9%. It is pos-
sible these few events may indeed have been EPSPs from synapses in
the middle of the slice that had not been fully blocked by the CNQX,
but these events could not be excluded.

The average amplitudes of all SEPSPs, recorded at either the
dendrite or soma, were not affected by the voltage-gated Na ™
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Dual-channel sliding template detection of SEPSPs. 4, Schematic diagram of the dual somatic/dendritic whole-cell recordings used and example traces, enlarged from boxes shown in

B, of two events showing the propagation direction based on the relative amplitudes of somatic and dendritic EPSPs. B, A sliding template algorithm was performed simultaneously for dendritic
(black) and somatic (gray) recordings, yielding corresponding traces of the detection criterion (bottom, only dendritic shown; however, both were searched simultaneously). Dashed orange line
indicates the selection criteria of 6. C, Example traces showing the effects of AMPAR block with bath-applied CNQX (10 wum). D, Example traces showing the effects of bath-applied TTX (1 um).
E, Group averages showing the effects of (NQX (n = 6 cells, p = 0.004) and TTX (n = 7 cells, p = 0.03) on frequency of all SEPSPs. F, Group data showing the effects of TTX on all SEPSP amplitudes
atthe dendritic (n = 7 cells, p = 0.29) and somatic (n = 7 cells, p = 0.14) locations. G, Cumulative probability of all SEPSP event amplitudes showing the effects of TTX at the somatic (p <<<0.001,
n = 6186 X 5307, Kolmogorov—Smirnov test) and dendritic (p <<< 0.001, n = 6186 X 5307, Kolmogorov—Smirnov test) locations.

channel blocker TTX (1 uM, Fig. 3 D, F), indicating that sSEPSPs in
MSO slices are likely to be from unitary vesicle fusions (miniature
EPSPs [mEPSPs]). There was also no amplitude difference be-
tween the somatic and dendritic locations when all events were
sampled (Fig. 3F). However, the frequency of events was reduced
by TTX (Fig. 3E). This finding was surprising given that the co-
chlear nuclei, thought to provide the only excitatory input to the
MSO (Perkins, 1973; Kiss and Majorossy, 1983; Schofield and
Cant, 1991), are not present in our preparation. However, in the
presence of TTX, there was also no drop in the cumulative fre-
quency distribution of the sEPSP amplitudes as would be ex-
pected if there was a population of larger, action potential-driven
events in the control condition. There was indeed a small, but
significant, shift toward larger amplitudes with TTX in the distri-
bution (Fig. 3G).

To isolate local dendritic sEPSPs, we sorted all sEPSPs,
detected in either the somatic or dendritic recording site, for
the 15% most attenuated events (EPSP, . ./EPSP 4., 4rite)> Which

would have originated near or distal to the dendritic recording
site. In agreement with previous work using simulated EPSPs
(Mathews et al., 2010), we observed large-amplitude attenuation
of sSEPSPs as they propagated to the soma (Fig. 4 A, B). Indeed, the
ratio of the somatic to dendritic amplitude decreased with dis-
tance from the soma to the dendritic recording location with a
length constant (A) of 68.0 wm (Fig. 4C). We used the midpoint
of the sEPSP rise to examine the relative timing of sEPSPs at the
dendritic and somatic recording sites. As expected, the difference
increased with distance from the soma (Fig. 4E). Using this slope,
we estimated the forward conduction velocity of the dendrite to
be 0.8 m/s. The kinetics of EPSPs were largely uniform in the
propagated sEPSPs (Fig. 4D). The ratio of the somatic to den-
dritic half-width did not exhibit an effect of distance to the den-
dritic recording location (Fig. 4F). There did not appear to be
any systematic differences between events in the lateral versus
medial dendrites, and the datasets were combined for analysis
(Fig. 4C-F).
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Figure 4.

Dendritically localized sEPSPs are strongly attenuated during propagation to the soma but maintain a uniform shape. A, Schematic diagram showing the experimental layout.

B, Average traces for the 15% most attenuated sEPSPs from three different cells. Traces normalized to the amplitude of the dendritic SEPSP (black) illustrating large attenuation of the somatic
potential (gray) with increasing distance from the soma. C, The ratio of somatic to dendritic average amplitudes for the 15% most attenuated sEPSPs as a function of distance from the soma to the
dendriticrecording pipette. Black symbols represent recordings from lateral dendrites. Gray symbols represent recordings from medial dendrites. Dashed line indicates one phase exponential decay;
A =68.0, (139.5-163.8 um, plateau = —0.12, (1 39.53-163.80, R? = 0.77,n = 26, constrained to 0, 1. D, Representative average traces for the three cells shown in B with amplitudes
normalized to 1 to illustrate shape differences. E, Difference in the time at midpoint of the SEPSP rise (at half-amplitude) between the dendritic and somatic recording sites for events shown in C.
Dashed line indicates linear fit; slope = 0.00124 mV/uum, R? = —0.48,n = 24, constrained to 0, 0, velocity = 0.8, C10.7-1.0 m/s. F, Half-width ratio for SEPSPs shown in €. Dashed line indicates

exponential growth; A = 5907, (1 591—00 ;J,m,i?2 = —0.01,n = 23, constrained to 0, 1.

The attenuation of sEPSPs along the dendrites was strongly de-
pendent on the direction of propagation. However, the attenuation
of sEPSPs propagating from the soma to the dendrites was pro-
blematic to assess because the amplitudes of SEPSPs at the soma
(~0.2 mV) were already near the noise floor of the recording even
before undergoing further attenuation in the opposite dendrite. To
overcome this technical limitation, in a subset of dual somatic and
dendritic recordings from MSO neurons, we electrically stimulated
excitatory inputs targeting the dendrite opposite from the one bear-
ing the dendritic recording pipette (Fig. 5A). With this configura-
tion, evoked EPSPs first arrived at the soma (9.07 = 1.19 mV) and
underwent additional attenuation along their way to the dendri-
tic recording location (Fig. 5B). The ratio of the dendritic to somatic
amplitude decreased with distance from the soma to the dendritic
recording location with alength constant of 76.4 um (Fig. 5C). Con-
sistent with predictions from cable theory that somatodendritic
propagation is more efficient than dendrosomatic propagation and
is dependent on both electrotonic properties and dendritic mor-
phology (Roth and Hiusser, 2001; Golding et al., 2005; Schmidt-
Hieber et al., 2007) the ratio fits were significantly different (Fig. 4C;
P <0.0001, F, 5, = 26.65, two-parameter comparison with K and
plateau). The difference between the midpoint of the evoked EPSP
rise at half-amplitude increased with distance from the soma (Fig.
5D,E). Using this slope, we estimated the centrifugal conduction

velocity of the dendrite to be 1.2 m/s. This is in close agreement with
the previously reported action potential conduction velocity in the
MSO of 1.0 m/s (Scott et al., 2010). This fit, however, was not signif-
icantly different from the dendrosomatic direction (Fig. 4E; p =
0.086, F; 34) = 3.13, 1-factor comparison of slope). With increasing
distance from the soma, the half-width ratio of the evoked EPSPs
increased (Fig. 5D,F). This is in contrast to events propagating from
the dendrite to the soma (Fig. 4F; p = 0.0003, F, 53, = 16.47, one-
parameter comparison of K). There did not appear to be any system-
atic differences between events in the lateral versus medial dendrites
(Fig. 5C,E, F).

Further analyses of the top 15% most attenuated dendrosomatic
propagating sEPSPs revealed that the amplitudes of local SEPSPs
originating in the dendrites increased dramatically with distance
from the soma (Fig. 6A,B) with a length constant of 53.6 pum,
whereas the amplitude of these same events after propagation to the
soma showed little distance dependence (Fig. 6C; average at soma
0.20 = 0.01 mV). Likewise, with analysis of the five largest dendritic
events for each cell, we found that the average amplitude increased
with distance from the soma with a similar length constant of 41.5
um (Fig. 6E). There did not appear to be any systematic differences
between events in the lateral versus medial dendrites (Fig. 6C,E). The
cumulative probability of SEPSP amplitudes also displayed marked
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Figure 5.

Evoked EPSPs propagating from the soma and dendrites undergo temporal distortions. 4, Schematic diagram showing the experimental layout. B, Representative average traces for

EPSPs evoked in the lateral dendrite from three different cells normalized to the amplitude of the somatic EPSP (gray). The dendritically recorded EPSP (black) attenuates more strongly with
increasing distance from the soma. Some stimulus artifacts were removed for clarity. , The ratio of dendritic to somatic average amplitudes for evoked EPSPs as a function of distance from the soma
to the dendritic recording pipette. Black symbols represent lateral dendritic recordings. Gray symbols represent medial dendritic recordings. Dashed line indicates one phase exponential decay; A =
76.4,(121.0-317,828 um, plateau = 0.31, (| —o0—0.63, R? = 0.55,n = 12, constrained to 0, 1. D, Representative average traces for the three cells shown in B with amplitudes normalized to
1toillustrate the shape differences. E, Difference in the time at midpoint of the evoked EPSP rise (at half-amplitude) between the dendritic and somatic recording sites for events shown in €. Dashed
line indicates linearfit; slope = 0.00085 mV/m, R? = 0.24,n = 12, constrained to 0, 0, velocity = 1.2, (10.8~2.3 m/s. F, Half-width ratio for EPSPs shown in €. Dashed line indicates exponential

growth; A = 240.5,(1190.4-339.6 um, R? = 0.49, n = 12, constrained to 0, 1.

distance dependence when grouped by distance from the soma
(Fig. 6D).

To probe the effects of local passive membrane properties
alone on the distance dependence of local EPSP amplitude, in a
subset of dual dendritic and somatic recordings, we injected iden-
tical 400 pA simEPSCs through the dendritic recording pipette
(Fig. 6F). We found that the amplitude of the potential elicited at
the dendritic location increased with distance from the soma with
alength constant of 97.2 um (Fig. 6G,H). This fit was not differ-
ent from the sEPSP amplitudes (Fig. 6C; p = 0.730, F(, 55, =
0.1212, one-parameter comparison of K). Also, similar to our
findings from sEPSPs (Fig. 6C), the amplitude of the propagated
simEPSCs at the soma exhibited very little distance dependence
(Fig. 6H; average at soma 1.68 * 0.13 mV) and the slope linear
fit was not different from the sEPSPs (p = 0.111, F, 354, = 2.658,
one-parameter comparison of slope).

To better understand the morphological parameters that
might contribute to the normalization of EPSP amplitudes at the
soma and the increasing EPSP amplitudes observed locally in the
dendrites, we constructed a simple compartmental model con-
sisting of a soma and two identical, uniform dendrites 3 um in
diameter and 150 wm in length. In addition to passive leak chan-
nels, the model contained a gradient of low voltage-activated K
channels distributed at threefold higher density at the soma vs the

distal dendrites (see Materials and Methods) (Mathews et al.,
2010). As expected, when dendritic diameter was decreased, local
EPSPs in response to excitatory synaptic activation increased in
amplitude (Fig. 7 A, B), but not as quickly as the normalized fit to
the observed sEPSPs (Fig. 7B, thick black line). At the soma,
decreasing dendrite diameter reduced the amplitude of propa-
gated EPSPs (Fig. 7B). Shortening the synapse-bearing dendrite
also led to modest increases in local dendritic EPSP amplitude
(Fig. 7C,D), although these EPSPs propagated more efficiently to
the soma (Fig. 7D, green and orange thin lines). By contrast,
dendritic EPSPs were highly sensitive to gradual changes in di-
ameter: in a model with 150 um dendrites exhibiting a linear
taper from 3 to 0.5 wm only in the dendrite where measurements
were made (Fig. 7E), the amplitude of local dendritic EPSPs in-
creased sharply with distance from the soma (Fig. 7F). Despite
the large local amplitudes, propagated events were largely unaf-
fected by changing the amount of taper (Fig. 7F).

To examine whether differences in synaptic conductance
might also explain our observations, we increased the synaptic
conductance of dendritic synapses in our uniform dendrite
model linearly from twofold to fourfold (Fig. 7G). In these sim-
ulations, a fourfold increase in synaptic conductance matched or
exceeded the normalized fit to the dendritic sEPSP data (Fig. 7H,
thick black line); however, in contrast to the sEPSP data, the
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Local sSEPSP amplitude increases with distance from the soma. A, Schematic diagram showing the experimental layout. B, Representative average traces for the 15% most attenuated

(between recording sites) SEPSPs from three different cells. Dendritic SEPSPs (black) attenuate more strongly at more distal locations, resulting in somatic SEPSPs of similar amplitude (gray).
C, Amplitudes for the 15% most attenuated SEPSPs at the dendritic (filled) and somatic (open) recording locations plotted relative to the distance from the soma to the dendritic recording location.
Blue dashed line indicates exponential growth; A = 53.6, (1 38.9—83.3 um, YO = 0.2 mV, R? = 0.58, n = 26. Purple dashed line indicates linear fit; slope = —0.0004 mV/m, YO = 0.2mV,
R?=10.02,n = 26.C, E, H, Black symbols represent lateral dendritic recordings. Gray symbols represent medial dendritic recordings. D, Cumulative probability of the 15% most attenuated sEPSP
eventamplitudes binned into four groups based on distance from the soma to the dendritic recording location (Kolmogorov—Smirnov tests: 20 -39 vs 4059, p << 0.001,n = 142 X 215;40-59
vs60-79,p << 0.001,n = 215 X 189;60-79vs 8099, p << 0.001,n = 189 X 388). E, Amplitudes for the average of the five largest of the 15% most attenuated sEPSPs for each cellin Cplotted
relative to the distance from the soma to the dendritic recording location. Dashed line indicates exponential growth; A = 41.48,(126.49 - 80.09 um, YO = 0.2mV, R = 0.44,n = 26.F, Schematic
diagram showing dendritic simulated EPSCinjection (400 pA). G, Representative average traces for the simEPSPs from three different cells. H, Amplitudes for the simEPSPs at the dendritic (filled)
and somatic (open) recording locations plotted relative to the distance from the soma to the dendritic recording location. Blue dashed line indicates exponential growth; A = 97.2, (1 52.2- 608.1
um, Y0 = 3.1mV,R? = 0.32,n = 16. Purple dashed line indicates linear fit; slope = —0.0083 mV/um, YO = 2.2mV,R* = 0.12,n = 16.

somatic EPSPs also increased in amplitude as a function of syn-
apse distance from the soma (Fig. 7H).

Finally, we tested whether synaptic inputs onto small den-
dritic branches could, by virtue of their large local input resis-
tance, give rise to the large spontaneous EPSPs observed in distal
dendritic recordings (e.g., Fig. 6 D, E). To address this question,
we added a 30-um-long, 1-um-diameter branch to our uniform
3-um-diameter, 150-um-long dendrite model at different dis-
tances from the soma (Fig. 8A4). Introduction of an excitatory
conductance at the midpoint of the branch (branch synapse)

generated large local EPSPs, but the transfer of voltage to the
dendritic trunk attenuated the amplitude. The amplitude in the
trunk was location-dependent, increasing with distance from
the soma (Fig. 8B) similar to the uniform dendrite model (Fig.
7B). The branch synapse EPSP underwent slightly more attenu-
ation than that from a synapse onto the main dendritic trunk
(trunk synapse) at the same distance from the soma (15 um
beyond the dendritic recording location). Ultimately, the ampli-
tudes of EPSPs originating in the branch or the trunk were similar
after propagation to the soma (Fig. 8 B,C). Thus, whereas den-
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Morphological and synaptic effects on EPSP amplitudes in a model MSO neuron. A, Diagram showing a model with 150-.m-long dendrites where only the dendrite in which

measurements were made varied in diameter. B, Modeling results for dendrite diameters of 2, 3, and 4 wm and fits to sEPSP data from Figure 6C. Local amplitude in dendrite (thick lines), and
amplitude at soma (thin lines), are plotted relative to the distance from the soma to the « synapse. €, Diagram showing a model with 3-um-diameter dendrites where the dendrite in which
measurements were made varied in length. D, Modeling results for dendrites 100, 125, and 150 um long. E, Diagram showing a model with 150-,.m-long dendrites where only the dendrite in
which measurements were made tapers. F, Modeling results for dendrites that tapered from 3- m-diameter to 0.5-, 1-, and 2- um-diameter. G, Diagram showing a model with 3- m-diameter,
150- um-long dendrites in which the synaptic conductance increases with distance from the soma. H, Modeling results for twofold, threefold, and fourfold increases in synaptic conductance.

dritic morphology clearly influences the amplitude of local
EPSPs, the amplitude normalization of EPSPs at the soma ap-
pears to be relatively insensitive to at least first-order branching
complexity.

Discussion

The principal neurons of the MSO are one of several classes of
neurons in auditory brainstem pathways that perform computa-
tions on synaptic information requiring submillisecond tempo-
ral precision. These neurons exhibit specialized intrinsic
electrical properties that improve temporal precision of EPSPs
propagating along their dendrites, but such mechanisms impose
strong attenuation that would differentially impact more distal
dendritic synapses. Here, we show that the amplitude of dendritic
EPSPs increases with distance from the soma (Fig. 6C-E), which
counteracts the strong amplitude attenuation along the dendrites
and confers a uniform amplitude of EPSPs at the soma (Figs. 1C,
2C, 6C,H). Further, we show that somatic EPSPs appear highly
consistent in their time course after propagation to the soma
(Figs. 2E, F, 4F). The gradient in EPSP amplitude along the den-
drites helps impart parity among synapses along the dendritic
arbor in their ability to drive action potential firing and may be an
important feature of coincidence detection in these neurons, en-

suring that spike initiation is more sensitive to input timing than
dendritic location.

Excitatory synaptic inputs to MSO dendrites

Our method for detecting sEPSPs simultaneously at the somatic
and dendritic recording sites allowed us to record many smaller
events that would have gone undetected at the soma due to their
strong attenuation in the dendrites. We found that the amplitude
of these events was only ~0.2 mV at the soma, regardless of
whether the event was estimated to arise from a proximal versus
distal dendritic location (Fig. 6C). The average amplitude of
sEPSPs in either the dendrites or soma was similar with or with-
out TTX (Fig. 3F), consistent with the fact that the cell bodies of
bushy cells are not retained in MSO horizontal slices. Thus, these
events can be considered mEPSPs. It is not clear why the fre-
quency of events was reduced by TTX (Fig. 3E) but may reflect
generalized changes in the slice over longer experiments. Using
synaptic stimulation paired with local calcium application to lo-
calize synaptic release, we also found that the amplitude of min-
imal EPSPs did not depend on dendritic location (Fig. 2C,D), but
the events were ~2.5 times larger than sEPSPs recorded at the
soma, possibly reflecting an experimental bias favoring dendritic
locations yielding larger, more readily observable EPSPs at the
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Effects on local EPSP amplitude of small dendritic branches in a model MSO neuron. 4, Diagrams showing models with 3- um-diameter, 150- m-long dendrites and a 1- um-diameter,

30-m-long branch at a variable distance from the soma. The synapse location s either at the midpoint of the branch, 15 rum from the dendritic recording location on the trunk (left), or on the trunk
itself 15 m distal to the trunk dendritic recording site (right). B, Example traces for the recording locations shown in A with synaptic input on the branch or the trunk at 40 and 120 .m from the
soma. G, EPSP amplitude at the trunk dendrite (thick lines) and soma (thin lines) as a function of distance from the soma for synapses located on either the dendritic trunk (purple) or branch (green).

soma. Additionally, because excitatory boutons in the MSO often
comprise multiple synapses (Clark, 1969; Russell and Moore,
2002), it is possible that these experiments reflect activation of
multiple sites within single presynaptic boutons.

Somatically recorded EPSPs in response to theta electrode
minimal stimulation of local excitatory inputs were ~7 times
larger than sEPSPs at the soma (Fig. 1C), suggesting that theta
electrode stimulation activated either single boutons with multi-
ple active zones or multiple boutons arising from different
branches of afferent fibers (Lindsey, 1975). The slightly larger
amplitude of evoked responses near the soma (Fig. 1C) could be
explained by the preponderance of larger elongated boutons ob-
served on or near the soma in MSO neurons of gerbils and cats
that might reflect more release sites (Clark, 1969; Russell and
Moore, 2002). However, we cannot rule out that the larger so-
matic amplitude reflects a greater difficulty in activating single
axons within a larger bundle. Beyond 35 wm from the soma, the
average amplitude of the minimally stimulated EPSPs was similar
regardless of distance (Fig. 1C,D), consistent with our analysis of
sEPSPs and paired Ca*™ puff/stimulation experiments.

Influence of dendritic morphology on EPSPs

The location of synapses along dendrites influences both the am-
plitude and time course of the activity that reaches the soma and
axon (Rall, 1959, 1964). In our experiments, identical simulated
EPSC current injections produced progressively larger EPSPs as a
function of distance from the soma (Fig. 6G,H ), reflecting differ-
ences in local passive membrane properties. Our simple com-
partmental models emphasize that the length, diameter, and
especially the taper of the dendrites influence the local dendritic
amplitude and, to a lesser extent, the attenuation of EPSPs prop-
agating to the soma. The model also shows that, despite the fact
that EPSPs in smaller-diameter dendritic branches can be large,
their amplitude at the soma is similar to those originating from
the dendritic trunk at the same distance (Fig. 8). These results are
consistent with previous studies showing that increased local
membrane impedance in relatively narrower distal dendrites can
lead to local increases in the amplitude of distal EPSPs, even in the
face of uniform synaptic properties (Jaffe and Carnevale, 1999;
Williams and Stuart, 2002). Our results are also consistent with a
previous voltage-clamp study in MSO neurons showing that den-
dritic glutamate uncaging gives rise to similar AMPA and NMDA
receptor-mediated current changes at the soma independent of

distance along the dendrites (Couchman et al., 2012). Together,
these findings suggest that morphology plays a major role in re-
ducing the dependence of somatic EPSP amplitude on synapse
location in the dendrites (Rinzel and Rall, 1974; Agmon-Snir et
al., 1998; Mathews et al., 2010). These results do not preclude the
possibility that there might also be a distance-dependent increase
in the density of postsynaptic AMPARs in distal dendrites (Magee
and Cook, 2000; Andrasfalvy and Magee, 2001; Smith et al.,
2003), but implementation of distally increasing linear gradients
of synaptic conductances in our compartmental model did not
provide a good fit with our experimental results (Fig. 7G,H).

Dendritic cable filtering in MSO dendrites

Not only was the amplitude of EPSPs at the soma similar for
synaptic events initiated at different dendritic locations (Figs. 1C,
2C, 6C), but the time course was similar as well (Figs. 2E, F, 4F).
The dendritic membrane time constant is shorter in passive den-
dritic trees due to the faster current spread away from the syn-
apse, and this effect is more pronounced with further distance
from the large capacitive load of the soma (Koch, 1997; Mathews
et al., 2010). In addition, MSO principal neurons have a high
density of low voltage-activated (Kvl) K* channels that are
activated by subthreshold EPSPs and provide active repolariza-
tion of EPSPs (Svirskis et al., 2003; Scott et al., 2005). As these
channels are expressed at threefold higher density in the soma
versus the dendrites, active repolarization is most pronounced at
the soma, where EPSPs slowed by the effects of cable filtering
temporally overlap more extensively with repolarizing K™ cur-
rents (Mathews et al., 2010; McGinley et al., 2012). By contrast,
EPSPs propagating distally from the soma broadened and atten-
uated less per unit distance (Fig. 5C,F), likely reflecting the com-
bined effects of reduced capacitance, higher impedance, and a
lower Kv1 channel density.

HCN channels can also play important roles in normalizing
the duration of somatic EPSPs that have propagated from the
distal dendrites (Magee, 1998, 1999; Kole et al., 2007). In hip-
pocampal and neocortical pyramidal neurons, distal HCN con-
ductances not only increase the efficiency with which EPSPs
propagate to the soma from the distal dendrites, their deactiva-
tion during EPSPs provides a net hyperpolarizing influence akin
to that described for Kv1 channels in MSO neurons (Stuart and
Spruston, 1998; Williams and Stuart, 2000). However, despite the
fact that HCN channels are expressed in high density in MSO



3148 - J. Neurosci., March 22, 2017 - 37(12):3138 -3149

neurons, their role in shaping EPSPs differs from other neuron
types because the kinetics of fast AMPAR-mediated EPSPs are at
least an order of magnitude faster than the fastest time constant of
HCN channel activation (Couchman et al., 2010; Khurana et al.,
2012; Baumann et al., 2013). HCN channels thus provide a tonic
background conductance, reducing the membrane time con-
stant, and imparting fast intrinsic voltage changes. However, cur-
rents through these channels cannot impinge on individual
EPSPs or mixed EPSPs/IPSPs, except in a cumulative manner
during trains (Khurana et al., 2011; Remme and Rinzel, 2011;
Baumann et al., 2013).

Functional implications

Our findings show that in MSO principal neurons, specialization
of dendritic morphology and voltage-gated ion channel expres-
sion enable excitatory synapses from all over the dendritic tree to
contribute equally to the computation of ITDs. The unavoidable
timing delay caused by the limited propagation velocity of the
dendrite (Figs. 4E, 5E) poses a potential problem for MSO neu-
rons with relatively few independent excitatory inputs. This may
be countered by each axon having a more distributed spatial
profile with multiple synaptic contacts along the dendrites (Lind-
sey, 1975). The potential timing drawbacks of spatially distinct
dendritic locations are offset by the intrinsic advantages of den-
dritic synapses: (1) the strong attenuation of EPSPs as they prop-
agate toward the soma reduces the impact of monaural synaptic
excitation in the absence of coincident excitation from the oppo-
site dendrite (Mathews et al., 2010); and (2) the distribution of
excitatory synapses on separate dendrites can reduce the nonlin-
ear summation of EPSPs arising from reductions in driving force
(Agmon-Snir et al., 1998). Indeed, in vivo and in vitro electro-
physiological studies have shown that the summation of binaural
inputs is remarkably linear over a wide range of stimulus frequen-
cies (van der Heijden et al., 2013; Roberts et al., 2014; Franken et
al., 2015; Plauska et al., 2016).
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