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Hefti, Brenda J. and Philip H. Smith. Anatomy, physiology, and processing. Alternatively, auditory cortex may process stimuli
synaptic responses of rat layer V auditory cortical cells and effects g§ing circuits similar to those found elsewhere in cortex. It is

intracellular GABA, blockade. J. Neurophysiol.83: 2626-2638, harefore importan k h ibl ializations in
2000. The varied extracortical targets of layer V make it an importazr;l(g efore important to keep these possible specializations

site for cortical processing and output, which may be regulated ”P' and St“‘,’y auditory cortex both in terms of its possible
differences in the pyramidal neurons found there. Two populations @¢ditory functions and as a part of cerebral cortex. _
projection neurons, regular spiking (RS) and intrinsic bursting (IB), Sensory cortex influences its targets through a topographi-
have been identified in layer V of some sensory cortices, and diff@ally organized descending system originating in layers V and
ences in their inhibitory inputs have been indirectly demonstrated. \f1, and recent work has begun to elucidate the possible phys-
this report, IB and RS cells were identified in rat auditory Cortica}blogical roles of this system (Guillery 1995; Miller 1996;
slices, and differences in thalamocortical inhibition reaching RS a erman and Guillery 1996). Layer V is of particular interest

IB cells were demonstrated directly using intracellular GAB#ock- . -
ers. Thalamocortical synaptic input to RS cells was always a com ecause its cells form part of the projection to the thalamus and

nation of excitation and both GABAand GABAg inhibition. Stim e _e.”“fety of the Cc.)rncal projection to Sl‘.lbthalamlc HUCIe." In
ulation seldom triggered a suprathreshold response. IB cell synajtRdition, layer V, with cells from all cortical layers (barring
responses were mostly excitatory, and stimulation usually trigger@yer 1), participates in callosal and ipsilateral corticocortical
action potentials. This apparent difference was confirmed direc@jrcuits. Layer V has several anatomic and physiological py-
using intracellular chloride channel blockers. Before intracellular difamidal cell types and a variety of interneurons (Kawaguchi
fusion, synaptic responses were stable and similar to control contip93; Kawaguchi and Kubota 1996). One pyramidal cell type,
tions. Subsequently, GABAwas blocked, revealing a cell's total the intrinsically bursting (IB) cell, is found only in layer V and
tic stimulation with large, suprathreshold excitatory events, indicati 88: McCormick et al. 1985, somatosensory cortex; Kasper et
that excitation, while always present in these cells, is masked % 19’94& visual cortex). Thé IB cell produces high—;‘requency

GABA,. In IB cells that had visible GABA input, it often masked an : . A . .
excitatory postsynaptic potential (EPSP) that could lead to additioA%l'FrSts of action potentials and is distinguished by its morphol-

suprathreshold events. These findings indicate that IB cells receR@Y, Which is different from that of regular spiking (RS) cells,
less GABA,-mediated inhibitory input and are able to spike or burdhich also populate layer V (Chagnac-Amitai et al. 1990;
in response to thalamocortical synaptic stimulation far more readifasper et al. 1994a—c). It is possible that the diverse targets of
than RS cells. Such differences may have implications for the infllayer V necessitate a variety of anatomic and physiological
ence each cell type exerts on its postsynaptic targets. response types, but the role of these different types within layer
V and their effects on postsynaptic targets are only beginning
to be understood (Guillery 1995; Miller 1996; Sherman and
INTRODUCTION Guillery 1996).

gin this study we characterized the physiological and ana-
'omic properties of single cells in layer V of primary auditory
Gytex, their synaptic inputs, and how their responses to these
j puts might modulate their cortical and subcortical targets.

dial nucleus of the trapezoid body (MNTB) contains larg _his report uses three teqhniques to ?‘ppfoaCh these issues.
calyceal synapses specialized for rapid, precise synaptic trer: st, by examining ascending synaptic inputs to layer V cells,

Auditory cortex is the last in a series of structures dedicat
to the interpretation of auditory input. Many subcortical aud
tory nuclei have specialized circuits or synapses that have
correlates in the other sensory systems. For instance, the

mission (Trussell 1997). Recent evidence (Smith and Popu encies, patterns, and degrees of excitation and inhibition can

1999) suggests that the thalamic input layers of cat auditdt§ 'dentified. Second, intracellular blockers of GABAllow
cortex may differ from those of visual and somatosensof nfirmation of earlier work, which studied the role of inhibi-

cortices. It is possible that rat auditory cortex also contai n indirectly (Chagnac-Amitai and Connors 1989; Nicoll et

: P P : : - al. 1996), as well as further study of the strength of the
unique circuits and cells specialized for auditory mformatloﬁ]hibitory input and its ability to shape the thalamocortical
Eynaptic responses of layer V cells. Third, anatomic results can

The costs of publication of this article were defrayed in part by the payme . . . .
of page charges. The article must therefore be hereby magiaeftisemerit P€ correlated to physiological data to give a clearer picture of

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  auditory and more general cortical circuitry. Part of this work
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was published previously in abstract form (Hefti and Smith A
1996, 1999).

METHODS

The methods described here for intracellular sharp microelectrode
recording are similar to those described previously (Smith 1992). All
methods were approved by the University of Wisconsin Animal Care
and Use Committee. Animals were maintained in an American As-
sociations for Accreditation of Laboratory Animal Care (AAALAC)—
approved facility. Three to 6-wk-old Long-Evans hooded rats were
given an anesthetic overdose of chloral hydrate solution (70 mg/ml
ip). When areflexive, rats were perfused transcardially with cold,
oxygenated sucrose saline (described at end of paragraph). The brain
was then exposed dorsally, and cuts in the coronal plane were made
halfway through the rostrocaudal extent of the cerebellum and one-
third of the way through the rostrocaudal extent of the cerebral cortex.

The block of tissue between these two cuts was removed and gluegla 1. Drawings of slice preparationd: coronal hemisection illustrating

either ventral Sld.e down (for 'horlzontal sections) or rostrall side doV\’Ili]alamic landmarks and white matter stimulation sgénf). All recordings
(for coronal sections). The tissue was then submerged in cold, OXYsde in area Te1, primary auditory cort&.semihorizontal section illustrat-
genated saline, and 400- to 5001 sections were cut through primarying thalamic and midbrain landmarks and internal capsule stimulation site
auditory cortex (Tel) on a vibratome. To preserve more of the aXOngm). The tissue is blocked higher rostrally and laterally to give this approx-
projection from the medial geniculate body (MGB) to Tel in horiimate plane of section. Scale bar is 1 mm. APT, anterior pretectal nucleus; CG,
zontal slices, the tissue was blocked somewhat higher rostrally ageatral gray; CPu, caudate putamen; Ent, entorhinal cortex; Hi, hippocampus;
laterally with wedges of fixed egg albumin (Metherate 1999). SectioHs: inferior colliculus; MD, medial dorsal nucleus; Po, posterior thalamic
containing Tel were placed in a holding chamber containing norm5};,1‘:'29“;;%ﬁ'l-'cg‘r:t‘zg'tﬂrgg“g?'Sa,\rlez Sbsl?;izg; r';g;éli{ [’I_ae”lewgri‘;‘:;s/x'a 3[;’2) é/?
z}(tygenat(_el_dbarz_lflua_ll ctehre%rolzplnal Ewd tgAC]:SF) atltlroorpltgmp_eratu &irtex; Te3, secondary al_Jditory cortex; VP, ventral_posterio_r thalamic nucleus;
'er equilibrating in the hoiding cnhamber for at 1east 15> Min, ONg. aytemg| capsule; ic, internal capsule; ml, medial lemniscus.
slice was transferred to the recording chamber, where it was placed
between two pieces of nylon mesh and perfused with normal, oxyreasured from the center of the stimulus artifact, which was usually
genated ACSF at 35°C, which contained the following (in mM): 124 total of 0.5 ms in duration, to the onset of the voltage deflection.
NaCl, 5 KCl, 1.2 KH,PO,, 2.4 CaC}, 1.3 MgSQ, 26 NaHCQ, and Inhibitory postsynaptic potential (IPSP) latency was measured from
10 glucose. The sucrose saline contained sucrose in place of N#fel center of the stimulus artifact to the onset of the IPSP, which was
(Aghajanian and Rasmussen 1989). The slice was then allowed to iéehtified as the onset of the change in the slope of the voltage
a minimum of 45 additional minutes before recording began. deflection that reversed at levels corresponding to a chloride or mixed
Bipolar stimulating electrodes were used to activate axons in thaion conductance (usually betwee®0 and—70 mV).
white matter in coronal slices, with stimuli that were stepped from 10 GABAg was blocked with saclofen (Research Biochemicals inter
to 150 V in 10-V increments, and with durations of 100 or 2680 In  national, Natick, MA) in three cells, one IB and two RS. GABA
horizontal slices, the internal capsule and external capsule were stautivated chloride channels were blocked intracellularly with
ulated separately, allowing isolation of thalamocortical from corticd,11,17,23-tetrasulfonato-25,26,27,28-tetramethoxi-calix[4]arene
cortical inputs (Fig. 1). The space between the paired electrode t{g$-TM calix[4]arene) and 5,11,17,23-tetrasulfonato-calix[4]arene
was sufficient to span the width of the fiber tract to stimulate th@S calix[4]arene), which were generously provided by Dr. Ashvani
maximum number of inputs possible. Occasionally, stimulation irSingh at the University of Pittsburgh. These compounds were used at
duced antidromic spikes from the recorded cell. If this was observeddconcentration of 1-uM. They were injected into the cell after
the polarity of the electrode was switched or the stimulating electrodentrol trials were taken using hyperpolarizing square current pulses
was moved. (300 ms current pulse every 800 ms). It usually took between 20 and
Intracellular recordings of responses to injected current and evok&@ min for the chloride blockers to take effect.
postsynaptic potentials were made with glass microelectrodes of 70-After recording was complete, the slice was fixed in fresh 4%
150 MQ resistance when filled wit2 M potassium acetate and 2%paraformaldehyde. It was then cryoprotected, angu60frozen sec-
Neurobiotin (Vector Laboratories, Burlingame, CA). Only cells withtions were cut on a freezing microtome and collected in 0.1 M
resting potentials more negative thar60 mV and overshooting phosphate buffer, pH 7.4. The sections were incubated in avidin-
action potentials were used for statistical analysis and illustratidniotin-HRP complex (ABC kit, Vector Labs). The following day, they
Intracellular current and voltage records were digitized with customere rinsed in phosphate buffer and incubated with nickel/cobalt-
software (ICEPAC, L. Haberly, University of Wisconsin). A neuron’sntensified diaminobenzidine (DAB) (Adams 1981). The sections
membrane potential was calculated by subtracting the cell’s recordeere then mounted, counterstained with cresyl violet, and cover-
voltage from the extracellular DC potential just after exiting the celslipped.
The input resistance was calculated using the slope of the lineaDrawings of injected cells were made using a camera lucida at-
portion of the current-voltage plot near the cell's resting potentiagached to a Zeiss microscope. The location of the cell body relative to
Voltage was averaged over 100 ms during the last 120 ms of a 3®@e areas of rat cerebral cortex was determined using the atlas of
or 400-ms current pulse. During recording, Neurobiotin was injectéthxinos and Watson (1986) and studies in which evoked potential
into the cell for ~5 min with 0.4- to 0.6-nA current pulses. Torecordings were used to map the location of primary auditory cortex
quantify spike half-widths, the first and fifth spikes were measure(Barth and Di 1990, 1991; Di and Barth 1992). Cells were determined
The fifth spike was chosen because it was usually the first or secaadbe within layer V by two means. The first was inspection of
spike after the burst in IB cells, and all cells fired at least five spikésdividual sections, where differences in cell size, density and shape
in response to current injection. Measurements were taken at there used to indicate transitions between cortical layers. The second
lowest current injection strength at which the cell fired five spikespeans to determine laminar borders in Tel was to use previously
which was always between 0.1 and 0.5 nA. Synaptic latencies westablished measures of layer V laminar borders (Games and Winer
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1988), in which layer V is defined as the regierb1-77% of the These two patterns have been previously observed in vitro
distance through Tel when measured from the pial surface. O b(gmon and Connors 1989, 1992; Connors et al. 1982, 1988:

those cells that fell both within primary auditory cortex (Tel) an sper et al. 1994a; McCormick et al. 1985) and in vivo in
layer V were used for analysis. Anatomic measurements were made : S ) .
using a Neurolucida drawing system (MicroBrightField, Colcheste matosensory (Li and Waters 1996), motor (Baranyi et al.

VT). All statistical analyses were done using Minitab (Minitab, Stat 993; Pockberger 1991), visual (Holt et al. 1996), and associ-

College, PA). Depending on the data set, either two-sided two-sampféon (Nunez et al. 1993) cortices, and existing terminology has

t-tests ory® tests were used. been used here. Most cells showed a RS pattern, which is
characterized by a train of single action potentials. In all RS
RESULTS cells, firing begins at a relatively rapid rate, and spike adapta-

tion occurs within the first 50 ms of the current pulse, causing
spike frequency to decrease. In 22 of 67 RS cells, denoted RS
When cells were recorded from and labeled in layer V dafells, the cell fires at a constant rate for the remainder of the
auditory cortex, the large majority showed two distinct patterrcsirrent pulse (Fig. ). When hyperpolarized, these cells sel-
of action potential firing (Fig. 2) in response to current pulsedom have a slow depolarization, sometimes called a “sag,” and
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FIG. 2. Intrinsic properties of layer V pyramidal neuroAsintrinsic properties of a regular spiking type 1 ((8ell in response
to current injection. Notice early spike frequency adaptatioght pane) followed by a sustained firing ratéeft tracesare
responses ta-0.3 nA, andright are responses t60.6 nA of currentB: a regular spiking type 2 (Rpcell’s intrinsic properties.
This cell never maintains a sustained firing rate, and its firing rate slows at higher current injection strengths until it ceases to fire.
Left =0.2 nA.Right =0.6 nA. C: intrinsic properties of an intrinsically bursting (IB) cell. This cell type fires a burst of action
potentials that ride on a slower depolarization at the onset of a current pulse and then maintains a steady single spike firing rate.
Left +0.2 nA.Right +£0.6 nA.Insets graphic representations of each cell’s firing patterns at iovagd higher ¢) current levels,
illustrating changes in interspike interval. Scale barbattom rightapply to all voltage traces.
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they have a very small or absent rebound depolarization foksLe 1. Comparisons of IB and RS cell anatomy, intrinsic
lowing the current pulse. A useful way to illustrate firingohysiological properties, and synaptic responses
patterns is to plot spike number against time (Fi§, bse)

(Agmon and Connors 1992). Linear portions of the plot rep- RS 1B
resen nstant firing r wher rv rtions illustr
vise taco s’gi t t g gt?l, e ehas cut ed zobto sI tutit @Eee; v 66.2 4.0 664 40
changes in spike rate. R8ells are characterized by a plot thag 492+ 14.7 30.7+ 8.6*
is initially cgr_vedl and then beqomes linear for the majority ofirst spike half-width, ms 0.93 0.25 0.72= 0.14*
the current injection. The remainder (45 of 67) of RS cells weFéth spike half-width, ms 1.2% 0.46t 0.76+ 0.15*
called RS cells. In RS cells, spike rate adaptation continuesEPSB'; latency, me 5023; ;56 ?.GSif é&_
and the cell’s firing rate slows throughout the current pulgg,;x g::::r?t 20 of o6 Lot 36+
(Fig. 2B). In some cases, action potential firing slows until thpgp @tency, ms 44 1.78 3.5+ 1.1%§
cell ceases to spike before the current pulse has ended. Whe IPSP (GABA)
hyperpolarized, these cells always showed a slight sag at ret\r/ffsilvlth t —60-71i6 3%%6 —62-12i7 5%0361
ini : rathresnold at res [0} O
moderate to large current injection strengths, and they alw ha sizepn? 145+ 21 21os 2pv

had a rebound depolarization after the current pulse. The RSical dendrite diameter

cell spike number versus time plot has no linear portion (Fig.50 um 22+04 3.8+ 0.7*
2B, inse}. Although these characteristic differences between200 um 20+13 3.3+ 0.6*
RS, and RS cells are observable in voltage traces, a satisfac 400#mf cal 08x04 2.7 0.4
tory means to quantify these differences could not be devgf—a”geﬁjritrgm apica
oped. This is most likely because the population of, R8s |ayer v 4.8+ 26 7.9+ 4.8
displayed a range of degrees of spike frequency adaptation, andyer v 34+1.8 10.0+ 3.3*
the classifications RSand RS likely represent opposite ends tayer ::l g-iit 8-3 g-gi é-g*
. . P . ayer 1=+0. 8+ 0.9*
of a continuum. There were also no significant differences ~*~ . layer | 05 13 1315 3.4%

between R$and RS cells in any other intrinsic, synaptic, or

anatomic properties that can be analyzed in the slice preparasaiues are means SD. Number of RS neurons is 67 and 1B neurons is 39.
tion. These types will therefore be treated as one group, d&s, regular spiking; IB, intrinsic bursting; EPSP, excitatory postsynaptic
noted RS, for the remainder of this report. potential; IPSP, inhibitory postsynaptic potential. * Statistically significant

. . ifference of at leas? < 0.05 usimy a 2 samplé-test when comparing the RS
The other type of pyramldal cell observed in Iayer V of ragell value to the IB cell value. T Statistically significaf® € 0.05) for the

auditory cortex is the IB cell. This cell type fires bursts of thregmparison of RS cell 1st and 5th spikes. # Statistical significance of at least
to five action potentials that ride on a slow depolarization &t< 0.05 using ay? test when comparing the RS to the IB cell numbers.

low current injection strengths. At higher current strengths, |BEPSP latencies were significantly shorter< 0.01) than IPSP latencies in
cells fire one such burst at the onset of a current pulse follow@yh 'B and RS cells.

Egt: :cg?q[hhg ggmgilggéftgnt’hzngutprZEtsLnlﬂlseesg)lzlli(ge:)sﬁv%éigu's%rmpIing error and bias, cells from both coronal and horizontal

: ; ices were used, they were selected evenly across experimen-
hyperpo_lan_z ed, these_ cells often had a sag, bu_t their rebo-Lﬁ#liﬁdates and no two{:ells were selected fr())/m the samg exper-
depolarization was either small or absent. This cell’'s spﬂ@ ' P

number versus time plot (Fig.Q2 inse) consists of two sep- iment. Quqhtatlvely, the anatomic appearance of RS cells was
arate linear portions of different slopes. Spike frequency withf{rikingly different from that of IB cells (Figs. 3 and 4). These
a burst, which averaged 180—200 Hz, was constant acrossdifflerences have been noted previously in other sensory corti-
current injection strengths in an individual cell, and was simil&es (Chagnac-Amitai et al. 1990; somatosensory and visual
between cells. Spike amplitude decrement was also a consigrex; Kasper et al. 1994a~c; visual cortex). The 1B cell apical
tent feature of the intrinsic burst. The response pattern, bugsindrite was very thick and always extended to layer |, where
frequency, and spike decrement observed here are similaittbranched profusely, and it had many dendritic branches in
other reports of IB cells (Agmon and Connors 1989; Connoagher layers as well. RS cell apical dendrites were shorter and
etal. 1982, 1988; Kasper et al. 1994a; McCormick et al. 198%hinner and had fewer secondary branches (Fig. 3). Quantita-
The differing intrinsic properties of RS and IB cells ardively (Table 1), the IB cell soma was much larger than that of
distinguishable on inspection and can be quantified in a numiits cells, and the apical dendrite of IB cells was longer. The
of ways (Table 1). IB cell input resistance was significantlgpical dendrite of IB cells was also consistently thicker than
lower than that of RS cells. Spike half-widths were also dithat of RS cells when measured at 50, 200, and #@0from
ferent between cell types. First and fifth spike half-width werdae soma. Analysis of the 200- and 4081 data were com-
both significantly narrower in IB cells than in RS cells. Therplicated by the fact that the RS cell apical dendrite sometimes
was no significant increase in spike half-width in IB cellsplitinto multiple branches, all of which extended toward layer
between their first and fifth spikes, but RS cell spikes did Two different measurements were used to compare them
become wider. There was no difference in resting membrawéh IB cell apical dendrites. In one, only the thickest branch

potential between IB and RS cells. of each RS cell apical dendrite was measured. In the second, all
branches of the apical dendrite that continued toward layer |
Anatomic types in auditory cortex were added together for an individual RS cell and used as a

single measure of apical dendritic width. In both cases, the IB

All recorded cells were injected with Neurobiotin and proeell dendrite was significantly thicker at all distances.
cessed for anatomy to study cell morphology. Ten RS cells andThe number of secondary branches in layers I, Ill, and IV
10 IB cells were selected for anatomic analysis. To minimizzmerging directly from the apical dendrite also differed be-
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IB cells RS cells

FIc. 3. Camera lucida drawings of IB and RS
cell somata and dendrites. Examples of the 2 dis-
tinct morphologies displayed by IB and RS physi-
ological types. Notice the significantly larger soma
and apical dendrite of the IB cells, as well as the
characteristic apical dendritic “tuft,” which ar-
borizes extensively in layer I. Axonal arborizations
have been eliminated for clarity.

M1

VI

II

Fic. 4. Camera lucida drawings of IB and

111 RS cell local axonal arborizations. Examples

of the 2 distinct patterns of local axonal pro-
jections displayed by IB and RS physiologi-
cal cell types. Soma and primary dendrite
initial segments are shown in black, and ax-
1V ons are shown as solid black lines. RS cell (A
and B) axons typically arborize in superficial
cortical layers (as in B). Occasionally other
patterns are seen (A). IB cell (C and D) local
axon collaterals can be found in deep cortical
layers in all caseslnset low-magnification
AV/ drawings illustrating soma location and local

axonal arborizations within Tel. Sections are

oriented similarly to coronal section shown in

Fig. 1, and at the same approximate rostro-
— caudal level. All cells are located within the

borders of Tel, denoted by dotted lines. Ven-

tral to Tel is Te3, also delineated by dotted
VI lines. Scale bar represents 1 mm.

wm

RS cells IB cells Qum
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tween cell types, with IB cells having more branch points iand corticocortical (CC) inputs to Tel (FigAlL In horizontal
each layer. There was no difference in number of branchesslites, these two pathways were separate, and it was possible to
layer V, most likely because of wide variations in soma locatimulate separately either the TC inputs, in the internal cap-
tion within layer V. The distance from the soma to the lay&fule, or the CC inputs, in the external capsule (FiB).1
V/IV border in the sampled cells ranged from 10 to 20@.  Stimulation of the white matter or internal capsule produced
All branch points were counted in layer |, and IB cells hadimjlar synaptic responses in RS cells (Table 1). RS cells
significantly more branch points in this layer as well. typically responded first with an excitatory postsynaptic poten-
These same 20 cells (10 1B and 10 RS) were used @4 (EPSP). The EPSP latency was relatively constant (jitter
analysis of local axonal arborizations within primary auditory-0 2 ms) in an individual cell, and ranged from 1.5 to 4.0 ms
cortex. Results were similar to those seen elsewhere (Mitanig{oss the RS population. The shortest observed synaptic la-
al. 1985; cat auditory cortex; Chagnac-Amitai et al. 199Qancies in this preparation were between 0.5 and 1.0 ms (in IB
Gabbot et al. 1987; Ojima et al. 1992). RS cells had extensivgyis), so it is likely that most RS cell inputs were disynaptic.
axonal arborizations that were often concentrated in the supfg-3 minority of RS cells sampled, this EPSP became supra-
granular layers of cortex (8 of 10 cells; Fig. 4, B). In two cellsyyreshold at high shock strengths (Figgdy. Most (36 of 56)
axon collaterals were concentrated in layer V and the SURs cells could be induced to fire action potentials if they were
granular layers (Fig. 4, A). Their main axon always extendefso depolarized from their resting potential, including all RS
toward the subcortical white matter, and it was possible in mQsi|is that also fired an action potential at rest. Some (20 of 56)
cases to trace itinto the fiber tract (Fig. 4, A and B). The loc@ls cells never fired an action potential in response to TC or
axons were very thin, and left boutons en passant or at the eQgte matter stimulation (Fig./4. The cells that never spiked

most RS cells, their axonal projections were concentrated dpane voltage from reaching spike threshold.

layers V-and VI (Fig. 4, C and D). Their main axon could also gq|lowing the EPSP in most RS cells was an IPSP, with
be followed into the subcortical white matter, and locally |atency of 2.0-5.0 ms. The IPSP was visible as a depo-

projecting axons were thin and left boutons en passant or at {§fizing PSP and not readily distinguishable from the EPSP

ends of small stalks. at rest, because its reversal potential was more depolarized
than the cells’ resting potential. Polarizing the cell around
Synaptic responses of RS and IB cells its resting potential with current injection during synaptic

stimulation revealed a reversal potential that was consistent
The plane of section determined which fiber tracts weseith a chloride-mediated GABAinput (Fig. 5Ac, —60 mV;
stimulated in each experiment. In coronal slices, the whi&Bc, —64 mV). A number of attempts were made to confirm
matter was stimulated, activating both thalamocortical (T@hat this PSP was mediated by GABAbut the addition of

A B “

10 mV]
/\ 10 ms Fic. 5. RS cell synaptic responses to stimulation of
a /“\ a f , the white matter. Examples of synaptic responses to
i

f \ ) T b white matter stimulation of 2 different RS cells. Results
// \\\‘. 5mvV| e — === of white matter stimulation were indistinguishable from
AT 20 ms [t T S internal capsule stimulatiorAa synaptic responses
- i / LT . . . .
J MW’“‘"“"“”‘"“Wﬂmf'““"“”‘m o T etnesne, (100 and 150 V) to white matter stimulation at resting
¢ LT g a. < H i i
i R, 100Vttt o potential. GABA, is depolarizing here, and not easily
* " et la M o1 ot b P UMt P ot H i i
o, e distinguishable from the excitatory postsynaptic poten-

T ' 50\1 tial (EPSP), as was typical of RS cellsh: same syn-
aptic responses as illustrated Aa, but shown at a
longer time scale to illustrate GABAAc: stimulation

of white matter input (100 V) while changing the cell
membrane potential around rest to illustrate GABA
reversal, which converges to a single membrane poten-
tial. This was typical of RS cells that had strong inhib-
itory inputs. Horizontal line represents the resting mem-
brane potential of the cell. Voltage scaletaapplies to

all 3 tracesBa: another example of an RS cell synaptic
response, shown at different intensities to illustrate both
supra- and subthreshold responses. Action potential is
truncated Bb: subthreshold responses (50 and 100 V)
shown at a longer time scale to illustrate emergence of
GABAg. Bc: polarization of the membrane potential
around rest (100 V) to illustrate GABAreversal and
suprathreshold response when the membrane is depo-
larized. Action potentials are truncated. Horizontal line
represents the resting membrane potential of the cell.
Voltage scale inBa applies to all 3 traces. Resting
membrane potentials were70 mV (Aa—A9 and —63

mV (Ba—BJg.
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bicuculline to the bath caused global depolarization and A
uncontrolled spontaneous activity, presumably because of
tonic inhibition active in control conditions, making it im- M\
possible to record usable data. In many (36 of 56) RS cells, d
another depolarizing potential could be seen following the
IPSP (Fig. \c). This second EPSP only occurred when the
cell also received inhibition, and it is unclear whether it was
a continuation of the initial EPSP, interrupted by the ,
GABA,, or a different input. This second depolarization ) ] e
generally did not trigger an action potential either from 100 V '}
resting membrane potential or when the membrane was 5mv
depolarized. Always associated with the GAB& RS cells Mj
was a long, slow hyperpolarization, which was likely me-
diated by GABA; receptors (Fig. 5Ab and Bb). This was
confirmed through several experiments in which this
hyperpolarization was blocked by saclofen (data not
shown). The GABA IPSP could be quite large, causing a
hyperpolarization of up to 7 mV, and lasting from 300 to
650 ms.

IB cells responded to stimulation of the white matter or I
internal capsule (in which there are ascending thalamocortical
axons, but not corticocortical axons) with an EPSP of 1.5-3.0 B
ms latency. In a few cases (8 of 36), the synaptic response was
suprathreshold except at the very lowest levels of synaptic
stimulation (Fig. 8). Many IB cell EPSPs (18 of 36) contained
two or three separate components, and unlike in RS cells, the
EPSPs did not necessarily occur in the presence of an identi-
fiable IPSP (Fig. B). In fact, less than half of IB cells received
any apparent inhibitory input, which was significantly less
often than RS cells. In addition, unlike RS cells, GAB®#as
not associated with a GABAIPSP. Only one IB cell IPSP
appeared to have a GABAcomponent, and it was smah(
mV) and relatively short (225 ms). In a small number of IB
cells, internal capsule (TC) stimulation in horizontal slices
produced synaptic responses of very short latency (0.5-1.0 ms,
n = 3 of 10), shorter than any observed during white matter
stimulation. This input was always in the form of a single
EPSP followed closely by inhibition. The short-latency EPSP
and IPSP were both significantly faster than those observed
during white matter stimulationP(= 0.01). Of the IB cells
recorded in this sample, only one seemed to receive both the
fast.and the slow TQ .|nput (not .shown). It is _Celjtaln_ that Fic. 6. 1B cell synaptic responses to stimulation of the white mater.
portions of the synaptic input to a given cell are missing in anynaptic response at 2 stimulation strengths to illustrate the 3 components of
brain slice preparation, so it is possible that a larger numbertoé response. There was no GARAAb: polarization of the membrane around

cells receive both short- and Iong-latency excitatory input froffst to illustrate consistency of this synaptic response and illustrate suprath-
the thalamus reshold response with depolarization. The horizontal line represents the resting

L . . . membrane potential of the cell. Scale bars betwaeand b apply to both

No significant differences in PSP latency or amplitude welgjtage tracesBa synaptic response at different stimulation strengths to
found between IB and RS cells. Differences between IB aiidstrate transition from subthreshold to single spike to dual spike response.
RS cell synaptic responses were found when their more gené}lmstimulation of the white matter input while polarizing the membrane to

; ifferent potentials to illustrate inhibition (after 1st spike) and robustness of
response properties were compared (Table 1). IB cells V‘.’%{/%aptic response. Horizontal line represents the resting membrane potential of

significantly more likely than RS cells to spike or burst ifne cell. All action potentials were truncated so that EPSPs are more visible.
response to synaptic stimulation both at rest and when dejgesting membrane potentials wer®8 mv (Aa—AQ and —64 mV (Ba—BJ.

larized. This could be caused by differences in the amount 0 . :

inhibition each cell type receives overall. IB cells received bostlﬁgtlriiﬁaglﬁleegeGAB’% block with TS-TM calix|4]arene and TS
GABA, and GABAg IPSPs significantly less often than R

cells. The IB cell's greater ability to fire action potentials in We have presented data suggesting that RS cells receive
response to thalamocortical stimulation and their relative lagkeater inhibition in response to thalamocortical and white
of inhibition compared with RS cells were the major findingmatter stimulation than do IB cells. One way to roughly assess
among the synaptic data. the strength of an input is to plot the voltage change it causes
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versus the current injected into the cell to hold it at a givels, gt 10 minutes:
voltage. The reversal potential of the input is, by definition, at
zero on they-axis. As a cell's membrane potential is moved
farther away from this zero point, a rough measure of the
strength of this input is how much it is able to change the cell's

membrane potential toward its reversal potential. A strong ”%%M
input will cause a change in the membrane potential that is,

approximately equal to the distance between the cell's mem- ! 10mv
brane potential and the reversal potential of the input. Such 20ms

inputs often cause “point reversals” such as that seen in Fig.

5Ac. Weaker inputs only change the membrane potential a

portion of the distance between the cell's membrane potential

and the reversal potential of the cell, as in Fi®dc5The

strength of the input in RS cells versus IB cells has bee

illustrated in a plot of current injected versus voltage change! SN GABA

due to GABA,, in which a steeper slope represents a stronger

input (Fig. 7). Only two of each cell type are shown for clarity,

but five cells of each type were measured in this way, and the

slopes of the RS cell GABAinputs were significantly steeper GaBa,

than those of IB cell GABA inputs P < 0.05). s
To investigate this result further, we sought to pharmaco-=:

logically isolate excitatory synaptic responses. Use of a bath

applied GABA, blocker was undesirable for two reasons: first,

bath-applied GABA blockers at concentrations that totally

block that inhibition cause prolonged epileptiform activity in !

cortical slices. Second, many observed EPSPs, and all of thac. 8. RS cell white matter synaptic response before and during intracel-

IPSPs, are probably di- or trisynaptic. Bath-applied blockek#ar GABA, blockade.A: synaptic response of RS cell before chloride

would interfere with these circuits before synaptic responsggmnel blockade at a short time scatep), and at a longer time scalm{ddle

{0 1llustrate GABA; current.Bottom polarization of the membrane around rest

are recorded at the Iayer V cell, Confoundlng data interpre iring stimulation to illustrate GABA synaptic component. Horizontal line

tion. It is possible to block the chloride channels that mediafgpresents the resting membrane potential of the Belsame synaptic re-
the GABA, current intracellularly through addition of TS-TMsponse shown after intracellular diffusion of TS-TM calix[4]arene, which
calix[4]arene and TS calix[4]arene to the recording electroddocks GABA,. Synaptic latency is unchanged, but excitatory response has

: - - ome much larger, producing a series of 3—4 action potentials. The GABA
These drugs were developed for use in colonic and other “31%@ ponent of the inhibition is unchanged. GABAppears to be absent on

for blOCkade of outwardly rectifying chloride channels (Venmembrane polarization at this stimulus strengd Kotton) and at all other
glarik et al. 1994), and they have also been shown to blosfimulus strengths tested (data not shown). Both voltage and time scales in
GABA , receptor channels in visual cortex (Dudek and Friedop andB, top apply toA, bottomandB, bottom and voltage scales iA and

; B, top apply toA andB, center Resting membrane potentials wer&5 mV
lander 1996a). Because these compounds tak® min to (A top. middly, 70 mV (A, botton), and—68 mV @, all).

B e o IB diffuse into a cell, it is possible to record its synaptic responses
-~ \“\ —=—-RS both before and after the inhibitory chloride channels have
e been blocked. Another method has also been used to block
% 5 i N \\ GABA,, intracellularly (Nelson et al. 1994), but this method, in
3 10] 0o \n\_ '\ which cesium is present in the intracellular electrode, has
> 8 o \-\ significant effects on the cell’s resting membrane potential,
s 54 80 8. input resistance, action potential widths, and level of sponta-
g O B o neous activity. These cellular changes have unknown effects
20 S0y 09 o on a cell's responses to synaptic stimuli.
2 899 As in earlier report ing th d Dudek and Fried-
5 o, ports using these drugs (Dudek and Frie
\. o) lander 1996a,b), no significant changes were observed in any
-10+ \ m individual cell's resting potential, action potential widths, or
e — input resistance, although cells occasionally displayed sponta-
04 03 02 01 00 o1 02 03 04 neous EPSPs due to an unknown mechanism (data not shown).
curent injected (NA) RS and IB cells had different responses to chloride channel

FIG. 7. Comparison of RS and IB cell GABAinputs. Plot of current block, .bUI. t.h.ls seemed to be correlated to the apparent strength
injected vs. the voltage change (voltage change due to GABUS steady- of the inhibition that was visible at the soma, rather than to cell
state voltage, in mV) due to GABA which is a rough measure of the strengtitype. Evoked synaptic responses appeared normal and gener-
of the synaptic input. RS cells consistently have plots with a steeper slogged robust GABA and GABA; responses in RS cells (Figs.
indci|car1]ting|a stronfgehr input. Five RS an? 5 IBI czll; weretr)neasured in this(wayA and 93\) The GABAA response was blocked afte20—60
and the slopes of this input were significantly different between groRps - . : . .

0.05). lllustrated are 2 cells from each group, RS cells with filled squamm of repordlng, Ieavmg a large excitatory s_ynaptlc response
symbols and generally steeper slopes, IB cells with open circular symbols dfi= 5; Figs. 8 and &). The onset of the excitatory response
shallower slopes. had the same synaptic latency as was observed before GABA
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A at 10 minutes: B at 40 minutes: C | at 60 minutes:

_ 50 ms L }\

10 mV\V
f 10 ms
FIG. 9. RS cell white matter synaptic response before and at 2 stages during intracellular,Gkigkade. Another example

of blockade of inhibitory input, showing the transition between norreft)(and absentright) inhibitory input. The GABA;
component of the IPSP remains present, but becomes partially obscured at right due to prolonged depolarization in response to
synaptic stimulation. Polarization around reisottom tracey best illustrates gradual blockade of fast inhibition. Horizontal line
represents the resting membrane potential of the cell. Action potentials were truncated in the bottom voltageBiamgG.iScale
bars atop andbottom leftapply to all traces abp andbottom respectively. Resting membrane potentials wer® mV (A, all),
—66 mV (B, all), and—67 mV (C, all).

blockade, but the EPSP now caused one or more spikes insteasl been addressed in a number of ways, and it is the major
of being shunted by inhibitory input. The GABAIPSP re finding of this report.

mains stable both in amplitude and duration (Figda8d <),

indicating that the GABAergic input is still present, but théntrinsic and anatomic properties

GABA , component is blocked. It was also sometimes possible . .
to observe intermediate stages of the GABBlockade (Fig. . ~\S reported in other cortical areas, 1B cells have large cell

9B). The unveiling of a considerable suprathreshold excitato&?’d'es and long, thick apical dendrites that branch extensively
event was unexpected, because excitation was not alw gayerI.Thelr axons project into the subcortu;al white matter

prominent in the original synaptic responses. On GA\BAa d arborize locally in the infragranular cortical layers. RS

blockade, however, the excitatory input was always quite lar lIs have smaller cell bodies and a thinner apical dendrite that
consistently causing at least one, and up to four action pot%qom extends to layer I. Their axons also project toward the
tials ' white matter and arborize locally in supragranular cortex.

IB cells that lacked an apparent GABANput were unaf When injected with current, IB cells fire a characteristic burst

fected by the addition of the chloride channel blocking drugi_%' af:tion.kpotelgtéals,llfofl]owe_d l|:>y ei.tkher adﬁitiona] E:Jrsgs or
(n = 4; Fig. 1), confirming that recordings of synaptic INgI€ SPIKES. cells fire single spikes with a variable degree

responses are stable for long periods of time, either in tRk2daptation. These findings suggest that in layer V, primary

presence or absence of these compounds. In those 1B cagasory cortices share organizational features across sensory

whose evoked synaptic responses contained a GABém modalities.

ponent 6 = 3; Fig. 1), it was blocked over a time course o

similar to that in RS cells. Because IB cells seldom have robuktalamocortical input to layer V
inhibition, the effects of the GABA channel-blocking drugs

were less dramatic than was seen in RS cells. These cells ofielj, 1\, cortical inputs in horizontal slices produced consistent
simply produced another action potential where the inhibitioQ - i vesponses in both RS and IB cells. When stimulating
F:Sdpgﬁgg Ea\FrLgp;li]tjﬁz)é V;gzogﬁ;gz %rf?(g\agg:r??:%ﬁs Qgifﬁg“% flber tract, there is al\{vays Fhe pOSS|_b|I|ty that cortical pro-
" jection neurons are antidromically activated concurrent with
stimulation of thalamocortical fibers. At low and moderate
DISCUSSION stimulation strengths, it was exceedingly rare to antidromically
activate a recorded cell in layer V, or in cells recorded in other
This report represents the first systematic study of the anabrtical layers, although synaptic responses were always ob-
omy and physiology of single cells in layer V of auditoryservable. This is likely because thalamocortical fibers are
cortex. Although part of this work replicates experiments pethicker than both corticocortical and corticothalamic fibers
formed elsewhere in cerebral cortex, it is necessary to establfglatz 1987; McGuire et al. 1984), and their threshold for
that auditory cortex is organized similarly to other sensomctivation is lower (Bullier and Henry 1979; Ferster 1990;
cortices before other properties can be explored. The roleFdrster and Lindstrom 1983, 1985). Because antidromic spikes
inhibition in shaping the synaptic responses of IB and RS cellere rarely observed, and because low to moderate stimuli

Stimulation of the white matter in coronal slices and
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A IB cell without B IB cell with cortical input to IB cells can be separated into two channels.
The first channel is a fast, probably monosynaptic suprathresh-

EPSP was only seen at longer latencies, supporting this spec-
5 ulation. Large layer V cells, morphologically identical to 1B
™ p cells, are synaptically connected (Gabbott et al. 1987; Markram
| T N 1997), also supporting this idea.

Less than half of IB cells received any identifiable inhibitory
input, and stimulation usually caused an action potential or
burst, even from rest. The difference in the amount of inhibi-
tory input to RS and IB cells was the most striking finding
among the synaptic data. IB cells received inhibition less often
than RS cells and lacked a GARAPSP. This lack of strong
inhibition contributes to the increased ability of IB cells to
spike in response to synaptic input in vitro, and may have this
effect in the intact system.

Responses of RS and IB cells to stimulation of their synaptic
inputs are similar to those observed in other sensory cortices
(Baranyi et al. 1993; Chagnac-Amitai and Connors 1989;
Nunez et al. 1993). One obvious difference exists between the
present findings and a previous study (Agmon and Connors
1992). In that study, most IB cells observed (5 of 7) in
somatosensory cortex did not appear to receive any obvious
thalamocortical input, which is at variance with the current
report. The simplest explanation for this discrepancy is that the
stimulation methods used, in which thalamic areas were stim-
ulated, activated a smaller proportion of the total thalamocor-
tical input than the fiber tract stimulation that was used in the
current report. In rat motor cortex (Castro-Alemancos and
Connors 1996) IB cells appear to receive strong inhibition that
| can be activated through stimulation of their thalamic inputs.
! Y 10ms This suggests that pyramidal cells may have different inputs

FiG. 10. IB cell white matter synaptic responses in the presence of TS—T,}RA’S‘.Se(Ei on the cortical area in which they are found. Differences
calix[4]arene.A: IB cell without apparent inhibition. The synaptic responsdn inhibition between RS and IB cells have also been observed
remains unchanged after2 h of recording, and after chloride channel block{Chagnac-Amitai and Connors 1989; Nicoll et al. 1996). Syn-
ers are presumed diffused into the cell. Voltage scal®mapplies to all 4 aptic responses in auditory cortex have been described previ-

traces. Time scale &p applies to both traces ib. B: IB cell with inhibition. . .
GABA, is apparent, although partially obscured by the suprathresheld r%USIy (COX etal. 1992; Metherate and Ashe 1991, 1993, 1995)’

sponse in théop 2 panelsWhen blocked, another action potential can be seelﬂoweveri laminar Iocations were seldom reported. )
in response to identical synaptic stimulation in thettom 2 panelsVoltage IB cells may be well suited to generate synchronized bursts

scale atop of B applies to all 4 traces. Time scaletap also applies t@b, top.  of activity given their relative lack of inhibition (Chagnac-
Resting membrane potentials werg'l mV (A, all) and—74 mV B, all.  Amitaj and Connors 1989). Interconnections exist between IB
. cells (Markram 1997) and between IB and RS cells (Gil and
were generally u_sed,_ we concluded that the Synaptic responggsyo; 1996), a necessary feature for generating this type of
observed are primarily the result of thalamocortical fiber ac@ynchronous activity. In addition, some IB cell interburst in-

vation. ) o tervals match the frequency of cortical oscillations observed
RS cells received excitation followed by GABAand poth in vivo and in vitro, and layer V is both necessary and

GABAg IPSPs at latencies indicative of di- or trisynaptigyfficient to produce synchronous cortical activity (Silva et al.

inputs. These RS cell synaptic inputs may have been mediate®1). Our synaptic stimuli revealed inputs to 1B cells that

by cells in layer llI/IV receiving direct, suprathreshold thamatched an IB cell burst in both interevent interval and overall

lamic input (Agmon and Connors 1992; Hirsch 1995). Suprauration, suggesting that at least a portion of the interconnec-

threshold responses were rare unless the cell was depolarizieths between IB cells is retained and can be activated in slices.

suggesting that RS cells require concurrent inputs to reach

spike threshold. IB cells received excitatory synaptic inpyiracellular block of GABA inhibition

either at short latencies, seen only in horizontal slices anc}

suggesting a monosynaptic input, or at longer latencies sugintracellular GABA, blockade demonstrated that inhibitory

gesting a di- or trisynaptic nature. This suggests that thalama#rent strength differs between RS and IB cells and confirmed

inhibition inhibition old input. This direct thalamocortical input could arrive on the
apical dendrite of the IB cell in layer IV (Kuroda et al. 1995,
before block: 1996, 1998). The second channel is a longer latency multicom-
ponent EPSP that may represent input from another IB cell.
1omy - The EPSP components had the same interevent interval and
a omel A ' Q time course as an IB cell burst, and the multiple-component

10 ms - 10 mg
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many earlier experiments in which inhibition was assessadd cochlear nucleus (Weedman and Ryugo 1996a,b). Cells
indirectly. Intracellular chloride blockers also revealed a larganatomically similar to RS cells project to other cortical areas
excitatory event in RS cells, which is not seen under norm@ames and Winer 1988), and to the putamen (Qjima et al.
conditions. RS cells, on GABAblockade, produced a seriesl992).
of action potentials (unlike the IB cell burst, in pattern and One unique feature of layer V cells in sensory cortex,
frequency), even when the synaptic response formerly cddentified anatomically as IB cells, is the very large (ofteh
tained little discernable excitatory component. The responges) synaptic contacts they make in secondary thalamic areas
of IB cells were less dramatic, often producing an additionéBourassa and Deschenes 1995; Hoogland et al. 1991; Roullier
spike where an IPSP was formerly seen, or showing no effeatd Welker 1991). These contacts may constitute a “driving
in IB cells in which no GABA, was observed. input” (Guillery 1995; Miller 1996; Sherman and Guillery
These data indicate that the total excitation reaching RS cell896), in contrast to the layer VI corticothalamic feedback
is at least as robust as that seen in IB cells. Two questions at@ch is “modulatory.” In the posterior complex (Po) of so-
whether the inhibitory inputs are activated in vivo to the degreeatosensory thalamus, which receives large layer V synaptic
that they are in vitro, and whether they are activated concurr@uintacts, cortical inactivation made cells unresponsive to sen-
with the excitation. Intracellular recordings from cat auditorgory stimuli (Diamond et al. 1992). This implicates layer V as
cortex during auditory stimulation in vivo reveal two responsgroviding necessary sensory information to secondary thalamic
types in layers V and VI (Volkov and Galazjuk 1991). Phasiareas and supports the idea that layer V projections are “driv-
responders, which resemble RS cells in their intrinsic physiakg” inputs. The IC receives its cortical input exclusively from
ogy, are excited at tone onset, and thereafter are actividyer V. Activating auditory cortex enhances IC cell responses
inhibited. Tonic responders, which resemble IB cells physiat the peaks of their tuning curves and inhibits responses
logically, fired a train of spikes or bursts throughout the tonaff-peak (Sun et al. 1996; Yan and Suga 1996). Putative
stimulus. Tonic cells seldom showed inhibition and were moo®rticocollicular synaptic contacts are small (Saldana et al.
broadly frequency-tuned than phasic neurons. This sugges®96), supporting this apparent modulatory role in the IC,
that the strong, thalamocortically driven inhibition reaching R&though synchronized layer V activity may be capable of
cells forms an inhibitory “surround,” sharpening RS cell redriving IC neurons.
sponses. This idea is well established in visual cortex. There,;The combined anatomic and physiological evidence indi-
noncorticotectal layer V pyramidal neurons (RS cells) hawmates very different roles for IB and RS cells in cortical and
small receptive fields and narrow orientation and directionalibcortical circuitry. Most RS cells may participate in a feed-
selectivity (Finlay et al. 1976; Swadlow 1988). Large layer Yorward pathway from primary to secondary and contralateral
corticotectal cells, identified as IB cells (Kasper et al. 1994auditory cortices. IB cells, in contrast, make up the majority of
Rumberger et al. 1998), have broader receptive fields alager V's input to subcortical targets such as the MGB and IC
selectivity (Finlay et al. 1976; Swadlow 1988), suggesting thand may provide driving inputs in secondary thalamic areas.
IB cells lack the strong inhibitory input that sharpens RS cellhis creates an alternative corticocortical pathway, through
responses to sensory stimuli. The in vivo data fit well with theecondary thalamus (Guillery 1995; Sherman and Guillery
present findings and indicate that tuning in IB and RS neuroh896). Corticothalamocortical synaptic input may be stronger,

may be shaped by inhibition. and therefore more effective, than direct corticocortical pro-
jections, as supported by in vivo data and RS cell thalamocor-
Comparison to in vivo auditory cortical studies tical responses in vitro. Based on evidence from our experi-

ments, RS cells are strongly inhibited and may provide less
Extracellular studies of auditory cortex reveal neurons serobust, but perhaps more specific, information about sensory
sitive to many aspects of sound stimuli. Some studies natémuli to their synaptic targets. In contrast, IB cells receive
activity described as "bursts” (Evans and Whitfield 1964)ess inhibition and are capable of providing a robust input to
Extracellular responses to vocalizations in the squirrel monkeyy target.
(Glass and Wollberg 1979; Wollberg and Newman 1972) also
display spike patterns reminiscent of IB cell bursts, which We thank I. Sigglekow, J. Meister, and J. Ekleberry for expert histological
recur consistently in response to one portion of the call. Amf?cﬁdjjpegr;ethd/\ﬁ;v?f}i Ciir:?;’er':?sf ognqufog:'yaﬁéoéidénegﬂ;? aifédMng;r']\ﬁs
ol f P : iX u its use, . .
thoug_h It Is |mpos_S|_bIe to _say that the. burstlike behaw(?g’r discussion of the F?nanuscript and continuing experimental support.
described above originates from IB cells, it suggests that burSt$nis work was supported by National Institute on Deafness and Other
may be physiologically relevant in the intact system. As pr&ommunication Disorders Grants DC-01999 and DC-00256 and funds pro-
viously suggested (Lisman 1997), bursting cells may serve \éged by a grant to the University of Wisconsin Medical School from the
event detectors. Bursts may also have a higher signal-to-no%%agg Hughes Medical Institute Research Resources Program for Medical
rat'? and could sharpen freque_ncy tur_ung_ (Eggermont a ddress for reprint requests: P. Smith, Dept. of Anatomy, University of
Smith 1996). Clearly more experimentation is needed to chayisconsin Medical School, 1300 University Ave., Madison, WI 53706.
acterize the response properties of these bursting cells anqzto

acterl : : b ived 15 November 1999; ted in final form 26 J 2000.
identify them directly with 1B cells reported in vitro. ecewve ovember accepied in final form £6 January
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