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Abstract. The outer hair cell (OHC) from the mamma- sensor charge movement functionally coupled to a me-
lian organ of Corti possesses a bell-shaped voltageehanical effector.
dependent capacitance function. The nonlinear capaci-
tance reflects the activity of membrane bound voltagecey words: Cochlea — Gating current — Tetraphenyl-
sensors associated with membrane motors that contrglorate — Motility — Capacitance
OHC length. We have studied the effects of the lipo-
philic ions, tetraphenylborate (TPB and tetra-
phenylphosphonium (TPF, on nonlinear capacitance Introduction
and motility of isolated guinea-pig OHCs. Effects on
supporting cells were also investigated. TRBoduced Acoustic signal processing by the mammalian cochlea
an increase in the peak capacitan€ery,) and shifted is accomplished by two classes of sensory hair cells: the
the voltage at peak capacitandg(c.,) to hyperpolarized inner hair cells (IHCs) and outer hair cells (OHCs).
levels. Washout reversed the effects. Perfusion of 0.4HCs are solely mechano-electrical transducers, while
M TPB™ caused an average increas€imy, of 16.3 pF OHCs function, in addition, as mechanical effectors. It
and Vyucm shift of 13.6 mV. TPP, on the other hand, is believed that the unique voltage-dependent mechanical
only shifted Ve, in the positive direction, with no  response of the OHC provides feedback into the basilar
change irCm,,. The contributions from native OHC and membrane, thereby sharpening the passive mechanica
TPB -induced capacitance were dissected by a doublgibration of the cochlear partition (Brownell et al., 1985;
Boltzmann fitting paradigm, and by blocking native Ashmore, 1987; Santos-Sacchi & Dilger, 1988; Ruggero,
OHC capacitance. While mechanical response studie$992). The OHC demonstrates a nonlinear gating charge
indicate little effect of TPB on the motility of OHCs  movement or, correspondingly, a voltage-dependent ca-
which were in normal condition or treated with salicylate pacitance that has characteristics similar to those of OHC
or gadolinium, the voltage at maximum mechanicalmotility, indicating that membrane-bound voltage sen-
gain (Vs may Was shifted in correspondence with native sor/motor elements control OHC length (Santos-Sacchi,
Vpkem @nd both changed in a concentration-dependent990, 1991, 1993; Ashmore, 1989, 1992; Dallos et al.,
manner. Both TPBinduced changes i6m,,andVyc,  1991; Iwasa, 1994).
were affected by voltage prepulses and intracellular tur-  The causal relation between OHC nonlinear charge
gor pressure. TPBinduced a voltage-dependent capaci- movement and mechanical response is an important fea-
tance in supporting cells whose characteristics wereure in theories of OHC motility where voltage-
similar to those of the OHC, but no indication of me- dependent conformational changes in putative lateral
chanical responses was noted. Our results indicate thatembrane molecular motors fluctuate between two areal
OHC mechanical responses are not simply related tgtates (Santos-Sacchi, 1993; Huang & Santos-Sacchi,
quantity of nonspecific nonlinear charge moved within 1994; lwasa, 1994). Accordingly, intrinsic gating charge
the membrane, but to the effects of motility voltage- movement represents the reorientation of charged moi-
eties within a membrane-bound, protein motor molecule.
Only this charge movement should be coupled to OHC
I mechanical activity. Membrane bound charge move-
Correspondence tal. Santos-Sacchi ment associated with extraneous sources, e.g., the cell’s
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normal complement of voltage-gated ionic channels omram,jClamp (www.med.yale.edu/surgery/otolar/santos/jclamp.html).
exogenous membrane bound charge should neither elfnic blocking solutions were used to remove voltage-dependent ionic
fect nor directly affect OHC motility Furthermore conductances so that capacitive currents could be analyzed in isolation

2. . (Santos-Sacchi, 1991; Huang & Santos-Sacchi, 1993). The patch pi-
blockade of motility-related gating charge should be suf—Ioette solution contained (in m): CsCl 140, MgC} 2, EGTA 10,

ficient to block motility. HEPES 5, with pH 7.2 and osmolarity 300 mOsm (adjusted with dex-
To evaluate these predictions, we attempted to iNtrose). The external ionic blocking solution contained (im)mBaCl,
duce additional nonlinear charge movement within thel0, CoC}, 2, MgCl, 1.47, NaCl 100, CaGl2, HEPES 5, with pH 7.2
OHC plasma membrane with the exogenous hydrophoand osmolarity 300 mOsm (adjusted with dextrose). In this solution
bic ions, tetraphenylborate (TPBand tetraphenylphos— BaCl, replaced t_he usually employed blockers, CsC_:I _anq TEA (Huapg
phonium (TPF"). Furthermore, salicylate and Gﬁ & Santos-Sacchi, 1993), because both_caused prem_pltatlon with sodium
known blockers of OHC motility and charge movementtetraphenylboron. _The rgagents (NiPB™ and TPP CI7) were freshly
- . prepared and applied using the Y-tube method (Murase et al. 1990) at
(Santos-Sacchi, 1991; Shehata, Brownell & Dieler, 1991§ rate of 0.3 to 0.65 mlimin. These two hydrophobic ions were chosen
Tunstall, Gale & Ashmore, 1995; Kakehata & Santos-for their opposite charges, which we presumed might provide for dif-
Sacchi, 1996), were evaluated to dissect out contributering effects. We reasoned that the effectiveness in influencing ca-
tions of native nonlinear Charge movement during hy_pacitance and motility might depend on the sign of the hydrophobic ion
drophobic ion treatment. Hydrophobic ions such asrelat_ive to that of the native charge. Whole chamber perfusion was
— L . . continuous.
TPB Or dlplgrylamlne have been use.d to ampllfy small A tracking procedure was used to continuously monitor the volt-
capacitive S|gnals of secretory Ve_S|CIe release (Oberége at peak capacitanc¥,(c,) after obtaining whole-cell configura-
hauser & Fernandez, 1995). The ions have also beejbn (Kakehata & Santos-Sacchi, 1995). Membrane potential was cor-
used as probes of tight junctions (Turin et al., 1991), andected for the effects of residual series resistance. Peak capacitance
membrane structure (Benz & lger, 1977; Benz & (Cm,y values were also monitored during the tracking procedure using
Nonner, 1981: Dilger & Benz, 1985; Smejtek & Wang, transient analysis of capacitive currents induced by a —=10 mV step.
1991) and function (Reyes & Latorre, 1979; Fernandez Detailed eyaluation of t_otal membr_ane capacitange was made at differ-
B ila&T 1982). The TPBi a d, ti ent potentials by transient analysis of currents induced by a voltage
_ez_am _a ayor, ) € . n _uce current1s stair step stimulus, and the capacitance function was fit to the first
similar, in some ways, to that which arises from voltage-gerivative of a two state Boltzmann function relating nonlinear charge
dependent ionic channel gating (Benz & Nonner, 1981)t membrane voltagedQ/dV Santos-Sacchi, 1991; Huang & Santos-
We report here that TPBaugments native OHC Sacchi, 1993)
nonlinear capacitance and produces a negative shift of
the equivalent voltages at peak capacitanégd,,) and
maximal mechanical gainv(, ..,), but does not enhance
the mechanical response. TR#hly causes a shift in the
voltage dependencies. Such results might be expected™®"

c ze b c
= —_— .
m Qmax kT(l + b)z lin

from simple charge screening. These data highlight the 26V = Vo)
. . . . pke
specific and causal relationship between the native nonP =ex T)
linear capacitance and the mechanical activity of the
OHC. Qmax is the maximum nonlinear charge moved,c,is voltage at

peak capacitance or equivalently, at half-maximal nonlinear charge
transferV,,is membrane potentiat,s valenceC,, is linear membrane
Materials and Methods capacitancee is electron chargek is Boltzmann’s constant, anflis
absolute temperature.
Pipette pressure was monitored via a T-connector to a pressure
METHODS monitor (WPI, Sarasota, FL), and modified when required with a sy-
ringe connected to the Teflon tubing attached to the patch pipette
Guinea pigs were anesthetized with halothane and killed by cervicaholder (Kakehata & Santos-Sacchi, 1995). The cylindrical shape of
dislocation. OHCs and supporting cells were isolated enzymaticallfOHCs was maintained during data collection. Measures of voltage-
with dispase | (0.5 mg/ml for 10 min followed by gentle trituration induced (-160 to 40 mV, 20 mV increment) mechanical responses were
through a polyethylene pipette) in a modified Leibovitz medium which made off the video monitor during playback with a differential opto-
contained (in mn): NaCl 142, KCI 5.37, MgCl 1.47, HEPES 5, Cagl resistor technique (Santos-Sacchi, 1989; 1991). Mechanical data were
2 and dextrose 5; 300 mOsm, pH 7.2. The cells were then transferrefit to a two state Boltzmann function to determine the voltage at maxi-
to a 700ul perfusion chamber. All experiments were conducted at mum mechanical gainvg, ,.,)-
room temperature[3°C). A Nikon Diaphot inverted microscope Dose-response data (charge hydrophobic ion concentration)
with Hoffmann optics was used to observe the cells during electricalwere averaged and are given as meaE+A fit was made according
recording. All experiments were videotaped. to a modified Michaelis-Menten equation with the use of a least-
Single OHCs and supporting cells were studied under whole cellsquares routine (Sigma Plot, CA),
voltage-clamp conditions using an Axon 200A amplifier at a holding
potential of —-80mV. Initial resistances of patch pipettes weren2Q3 Q = Qumax (C(C" + KB))
corresponding to tip sizes of 142m (Hamill et al., 1981). Residual
series resistance ranged from 3 tm@. All data collection and analy-
sis were performed with an in-house developed Windows-based prowhereQ is the charge induced by the hydrophobic i@ris hydropho-
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A mental conditions, TPPhad no effect onCmy,, but
60 shifted Vpcm to depolarized levels. In contrast, TPB
50 L increasedCmy,, and shiftedVy, c,to hyperpolarized lev-

els. Washout reversed the effects (Fig).1 The average
40 onset and recovery time constant for ué TPB™ was
30 + : , 04uMm

Cmpk(pF)

102.2 + 25.91 sea(= 5) and 184 + 60.74 sea (= 4),
respectively.

The average steady state shift\f.c,induced by 1
mmM TPP" was 33.9 + 1.7 mV (mean $£ n = 10; stair
analysis). The difference i€m,, before and during
TPP" treatment was 0.57 + 0.3 pF. Higher concentra-
tions of TPP, up to 10 nm, were equally ineffective in
_ - . alteringCmy,,. On the other hand, the average elevation
T e VN . EES S of Cmy,, and shift ofV,,, cminduced by 0.4um TPB™ were
0 500 1000 1500 2000 16.3 + 2.7 pF and -13.6 + 3.04 m\n (= 15), respec-

Time (s) tively.

To study the concentration effects of TP&1 OHC
nonlinear capacitance, TPBvas applied by ‘Y-tube’ in
increasing concentrations ranging from @ud to 1 um,
without intermittent washing. Tracking commenced im-
mediately after whole cell configuration, and stair step
analysis was performed aft®f, ,reached steady state
| I l L L at each concentration. FiguréAdllustrates the TPB

-200 -150 -100 -50 0 S50 100 concentration dependence of Oy, and V., By

Vm (mV) gradually increasing the concentration of TRBorre-

spondingly larger increases Bmy, and Vp,cn, shifts

Fig. 1. Effects of TPP and TPB on Cm, and Vi Of an OHC  \yere elicited. Concentrations greater thamut could

o_btalned by the tracking techniqua)(and t_h_e voltage stair step tech- induce very Iarge capacitances, which compromised the
nique B). (A) After Cmy, and Vpcn, Stabilized, TPP (1 mv) was ffecti f It |

applied extracellularly at the first dotted lin¥, ., shifted to depo- eliec |ven_ess_o our voltage clamp. .
larized levels with no change i@, Washout at the second dotted Contributions to the voltage-dependent capacitance

line caused recovery. TPE0.4 um) was applied extracellularly at the observed in Fig. & are derived from two distinct sources
third dotted line V,cmshifted slightly to hyperpolarized levels witha of nonlinear charge movement (native and TPB
incrgase incmy. Wa_shout fo_IIowing TEBtreatme_nt started fr‘om the induced), which theoretically should be separable ana-
4th Ime_. Arrows indicate pomts at whlch.capacnance funcuon; werelytica”y' Unfortunately, it is clear from the data that the
determined by the voltage stair step technique for the sameBeHité s .
(solid lines) for the capacitance data indicXy, Voyom Qraxandz characteristics of native and TP#duced charge move-
of 42.1 pF, -40.2 mV, 3.26 pC and 0.75 (closed circles, control); 40.6Ment are not disparate enough to produce a bimodal ca-
pF, 4.4 mV, 2.69 pC and 0.79 (opened circles, TRBatment); 55.7  pacitance function, which could easily be fit by the sum
pF, —47.4 mV, 5.08 pC and 0.73 (closed triangles, TRBatment).  of two Boltzmann functions. Nevertheless, we have de-
vised a procedure which estimates the TRBntribution
assuming that in addition to augmenting charge, TPB
causes a shift in the voltage dependence of OHC native
charge movement, as occurred in the presence of TPP
Thus, we first obtained fits (single Boltzmann) of OHC
Results native capacitance prior to TPBreatment and used
these parameters (all fixed except M., which was
OHCs possess a capacitance that depends upon trargsrmitted to vary) in subsequent fits (sum of two Boltz-
membrane voltage, and which derives from motility- manns) of capacitance in the presence of TPBigure
related gating currents (Fig. 1). Membrane-bound,2B illustrates the result, and indicates that, opposite to
charged molecules from external sources can also corthe effects TPP, the native OHC capacitance function is
tribute to membrane capacitance. This is illustrated inshifted in the negative direction by the negatively
Fig. 1 where the effects of TPBand TPP onCm,,and  charged TPB.
Vpkem @re monitored with the tracking technique de- This shift inV,,..,was independently confirmed in a
scribed in the methods (Fig.A); in addition, a more group of OHCs where the effects of TPBn OHC mo-
detailed analysis of membrane capacitance is providetllity and capacitance were studied in concert. Before
by the stair step protocol (Fig.B). Under our experi- and during TPB treatment, voltage-induced OHC move-

Vkam (mV)

bic ion concentrationK, is the dissociation constant, ands the Hill
coefficient.
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Fig. 2. (A) Concentration dependence of TPBffects onCm,, and £ — 10
VpiemOf an OHC.Cm,, increased ani,,, ., shifted to hyperpolarized —E-
levels in a concentration-dependent manner. Fits (solid lines) for ca- _éo 9
pacitance indicat€my,, Vpxcm Qmaxandzof 42.5 pF, 6.5 mV, 2.89 pC > >Q-

and 0.72 (closed circles, control), 49.4 pF, -15.3 mV, 3.61 pC and 0.77

(open circles, 0.2um TPB); 58.8 pF, —26.8 mV, 4.81 pC and 0.78 Y . :gg

(closed triangles, 0.4m TPB); 64.4 pF, —-33.4 mV, 5.48 pC and 0.79 . ) L ) . )
(open triangles, 0.um TPB); 67.2 pF, —43.1 mV, 5.85 pC and 0.79 0.0 0.2 0.4 06 0.8 1.0
(closed squares, 0i8v TPB) and 71.6 pF, -46.1 mV, 6.26 pC and 0.81

(open squares, lm TPB). B) Example of extraction technique used to TPB- ( M)

assess the individual contributions of TRBduced and native OHC H

capacitance to the overall capacitance functiomative capacitance of . ) )

OHC; B, TPB -induced capacitance + B, total capacitance with 0.8 9. 3. (4) Voltage-dependent capacitance arig) {oltage-induced

TPB™ treatmentSeetext for details. length change of seven OHCs measured before and during ffe&-
ment. Length changes induced by 20 mV steps from —160 to 40 mV,
but corrected for series resistance. Fits for average overall capacitance
data indicateCm,y, Vokcm Qmax@ndz of 44.8 pF, —21.9 mV, 3.69 pC

ment and voltage-dependent capacitance were obtainead 0.67 (closed circles, control); 63.9 pF, —32.3 mV, 6.3 pC and 0.72

by voltage steps (=160 to 40 mV, 20 mV increment) and(open circles, 0.4.m TPB). Fits for average mechanical data indicate

stair step analysis, respectively. As shown in Fiyahd Vi max@ndz of =14.9 mV and 0.9 (closed circles, control); -28.5 mV

B. TPB™ had a Signiﬁcant effect on the magnitude of and 0.81 (open circles, 0iv TPB). Cell length was 64.29 + 1.44m
! (mean =sg n = 7). (C) Correspondence between shifts in extracted

Cmﬂk but little effect on the magthde of _VOItage' OHC V¢ (determined as in text) andy ,,,, of OHCs treated with
dependent movement. The ratio of to@},,, in the  1pg- as a function of concentration. Each point is the meagse+
presence of TPBto Q. in its absence was 1.71, (n = 3).

whereas the corresponding ratio&tf,,,,was 1.06 § =

7). These results indicate that an increase in OHC non-

linear capacitance by an external source does not resuhdicate a Hill coefficient of 1.85 + 0.1(,,,,,0f 5.38 +

in significant enhancement of cell movement. Although0.23 pC, anK, of 0.50 + 0.03um.

TPB™ does not alter the magnitude of OHC motility, its Other ways to dissociate the two components of
voltage dependence is susceptible. In fact, the effect ononlinear charge movement may include delivery of pre-
VsLmaxcorresponds to the effect on the extracted value opulse voltages (Santos-Sacchi, Kakehata & Takahashi,
native OHCV,,., (Fig. 3C); both shift in the hyperpo- 1997, 1998; Santos-Sacchi, 1997), alterations of lateral
larizing direction in a concentration-dependent mannermembrane tension (lwasa, 1993; Gale & Ashmore, 1994;
This is expected since the voltage dependencies of OH®akehata & Santos-Sacchi, 1995), and treatments with
motility and nonlinear capacitance are known to coincidesalicylate (Tunstall et al., 1995; Kakehata & Santos-
(Kakehata & Santos-Sacchi, 1995). Within a limited Sacchi, 1996) or G& (Santos-Sacchi, 1991), since these
concentration range of TPR0.2—1.0p.m), the response  manipulations may selectively influence native OHC
slope is =32 mVjim (n = 3). The dose-response data charge movement.
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Fig. 4. Effects of 1-sec voltage prepulse Gmy, andV,c,of an OHC 1 1 | |
treated with gadolinium and TPBOnce reduction of OHC nonlinear
capacitance by Gd (3 mwv) reached steady state (reductionQify,,

from 41.2 to 28.2 pF), TPB(0.4 pm) was added to the solution. __ 36 -wio.4uM Ttp? Deiters
Control capacitance function (open triangles, @ @d"™, no prepulse) LL et :o;r:P

could not be reliably fit. After the appearance of TRPIBduced capaci- e: 320 2

tance, prepulse effects were studi€dy,, Vy,xcm Qmax@ndzwere 63.7 £ 28 L1

pF, 2.8 mV, 6.28 pC and 0.60 (closed circles, ~180 mV prepulse); 59.2 ()

pF, 5.3 mV, 4.86 pC and 0.68 (open circles, =60 mV prepulse); 51.6 24

pF, 10.3 mV, 3.46 pC and 0.73 (closed squares, —20 mV prepulse); 48.3 ' ' ! : '

pF, 12.5mV, 2.57 pC and 0.85 (open square, 20 mV prepulse) and 44.9 -200 -150 -100 -50 0 50 100
pF, 22.1 mV, 2.42 pC and 0.76 (closed triangles, 100 mV prepulse). vm (mV)

. Fig. 5. Effects of positive intracellular pressure @y, of OHCs @, B)
In the untreated OHC, negative prepulse voltages, g peiters cells@). (A) After OHC C,,,was increased by 0w TPB

shift V,,cmin the positive direction and visa versa, with and reached steady state, positive intracellular pressure caused a posi
little effect onCm,, (Santos-Sacchi et al., 1997, 1998). tive shift in overallV,cyand increase itCm,. (B) OHC nonlinear
In the TPB treated OHC, changes Mkam and C”’bk capacitance was blocked with G and _followed b_y treatment with
were found @ata not showpand could not be accounted TPB. After C_”_bk reaf:hed steady stat_e, |ncrea§ed mtracellul:ilr pressure
for by effects on native charge alone; indeed, these datgused @ positive shift M,,c,and an increase iBm,. (C) TPB™ (0.4
M) induced a nonlinear capacitance in Deiters cells. In this case, after

SqueSted that TPBnduced charge movement V_Vas SU_S' reaching steady state, positive pressure caused a negative 3hjftin
cept|b_le_ to prepulse ef_fects, as well. To c_onflrm this, and an increase i,
gadolinium (3 nw) was first used to block intrinsic OHC
nonlinear capacitance, so that TPBharge movement
could be studied in isolation. Figure 4 illustrates the ef-Cmy,, and shift ofV,,c,induced by positive pipette pres-
fects of prepulses on the voltage dependence of the issure (0.95 + 0.14 kPa) was 6.1 + 1.35 pF+£ 4) and
lated TPB-induced nonlinear capacitance. As the pre-15.5 £ 3.66 mV ( = 4), respectively. After intrinsic
pulse potential decreased from 100 to —180 mV, TPB OHC nonlinear capacitance was blocked by gadolinium
induced nonlinear capacitance progressively increased i(B mwm), positive intracellular pressure still increased
magnitude an®,,,c,became more negative. This is dis- TPB -induced capacitance and shift¥g,.,in the de-
tinctly different from prepulse effects on the intrinsic polarized direction (Fig. B). However, there was a
nonlinear capacitance of the OHC (Santos-Sacchi et algreater increase i€, and smaller shift iV, Un-
1997, 1998). der this condition, the average elevation of capacitance

Positive turgor pressure shifts ORGcto depo-  and shift of V., caused by positive pressure (1.23 +
larized levels and reduceSm,, (Iwasa, 1993; Gale & 0.16 kPa) was 14.8 + 3.74 pF and 5.35 + 1.97 mV<
Ashmore, 1994; Kakehata & Santos-Sacchi,4), respectively. Positive intracellular pressure affected
1995). However, in OHCs treated with TPBvhereas supporting cells in a similar way (Fig®). The average
positive intracellular pressure also shiftsc,to depo- increase in capacitance was 5.5 + 0.83 pF<( 4) by
larized levelsCmy,increases (Fig. 5). With 04m TPB  positive pressure (1.37 + 0.26 kPa). Similar results were
treatment,Cm,, and V., Of the cell shown in Fig. &  obtained by changing intracellular pressure with hypo-
were 53.3 pF and -27.2 mV at steady state. Positivaonic solutions data not showp
intracellular pressure (1.35 kPa pipette pressure) in-  Salicylate blocks OHC voltage-dependent capaci-
creasedCm, by 6.1 pF and shifted/,c,in the depo-  tance and decreases the cell's mechanical response (Kak
larized direction by 17.6 mV. The average elevation ofehata & Santos-Sacchi, 1996). We found that the pres-
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Fig. 7. Effects of TPB on (A) capacitance andj movement of OHCs
Fig. 6. Effects of salicylate on intrinsic and TBRnduced nonlinear whose nonlinear capacitance was blocked by salicylate. Length
capacitanceCm, of (A) an OHC and B) a Deiters cell monitored by  changes wree induced by 20-mV steps from —160 to 40 mV and series
theVp, cmiracking technique. Same treatments were used for both cellsresistance was corrected. Capacitance was evaluated with the stair stey
Salicylate specifically blocks intrinsic OHC nonlinear capacitance. Sa-protocol. Fits (solid lines) for capacitance data indic8t8,, Vokcm
licylate (10 nm) had no effect orCmy,, of the Deiters cell. Qmaxandzof 32.1 pF, -31.8 mV, 0.82 pC and 0.59 (closed circles, w/o
TPB); 51.4 pF, -16.9 mV, 2.43 pC and 0.72 (open circles, w/u0s4

. TPB). Fits for mechanical data indicatg, .., andz of 119 mV and
ence of TPB molecules does not affect the reduction of 0.091 (closed circles, w/o TPB -9.1 mV and 0.1213 (open circles, w/

OHC nonlinear capacitance caused by salicylate. In Fidg 4 . TPB). Despite the induction of a prominent nonlinear capaci-

6, er)k of an OHC and supporting cell were monitored. tance by TPB, no recovery of the mechanical response was observed.

TPB™ (0.4 pm) increasedCm,, of the OHC (top trace) to  Cell length: 71um.

a steady-state value of 63.8 pF. Subsequent treatment

with salicylate (10 mu), reducedCm,, to 45.6 pF, with a

time constant of 1.69 sec. The average time constargures of capacitance and voltage dependent movemen

was 3.79 + 0.94 sec (meansg, n = 8). This rate is were made before and during extracellular application of

faster than that observed by Kakehata and Santos-Sacchi4 pm TPB™. For this cell, Cm,, was reduced to a

(1996), and may be due to the presence of TBBthe  steady-state level of 32.1 pF by 10 mM salicylate, which

higher perfusion rate used here. Althoughy, recov- is consistent with the results of Kakehata and Santos-

ered partially over the course of salicylate perfusion,Sacchi (1996). During TPBtreatment, peak capaci-

reaching 52 pF, no recovery of mechanical response wa@nce increased to 51.7 pF. Although TPBduced an

noted. After removal of salicylat€m,, increased again additional nonlinear capacitance of 19.64 pF and shifted

due to the reversible effect of salicylate on OHC nonlin-overall V¢, from —31.83 to -16.28 mV, the difference

ear capacitance. The same treatment used for OHCs w#s maximum length change was only 0.8n. The av-

applied to supporting cells (Fig. 6, bottom). TPBIso  erage difference in maximum length change for 3 cells

increasedCmy,, of Deiters cells, but to a lesser and more was 0.03 + 0.02wm.

variable degree. The average elevatiorCofy, by 0.4

pMm TPB™ was 9.5 + 1.2 pF for OHCsn(= 15) and 5.5 _ )

+ 1.0 pF for Deiters cells( = 11). The latter figure Discussion

does not include another 11 Deiters cells whose capaci-

tance did not show an increase by at least 5 min afteThe present results show that the hydrophobic ion, TPB

onset of TPB treatment. No effect of salicylate @,  but not TPP, increases nonlinear charge movement, as

was found and no mechanical response was detected fewvidenced through capacitance measures, in OHCs anc

TPB -treated Deiters cells. supporting cells from the organ of Corti. The enhance-
The effects of salicylate (or gadolinium) on OHC ment of nonlinear charge movement, which is accompa-

motility are not alleviated by TPBtreatment (Fig. 7). nied by a concentration-dependent shift in the voltage at

The figure illustrates the effects of TPBon C,, and  peak capacitance, is greater for OHCs than for support-

movement of an OHC whose nonlinear capacitance waihg cells. This suggests that membrane structural param-

blocked by intracellular salicylate. Simultaneous mea-eters such as thickness, dielectric constant, dipole poten-
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tial, or the degree of the lipid hydrocarbon chain ordermovement and mechanical response coincide (Santos:
(Ketterer, Randic & Lager, 1971; Benz & Lager, 1977;  Sacchi, 1990, 1991; Gale & Ashmore, 1997). Third,
Reyes & Latorre, 1979; Fernandez et al., 1982) may bdreatments which induce shifts in the voltage dependence
different between the two types of cells; another clearof nonlinear charge movement or capacitance similarly
difference between the cells is the existence of intrinsicshift that of the mechanical response (Fig., Kakehata
voltage-sensor/motor elements in OHCs. The latter dif-& Santos-Sacchi, 1995). Fourth, mechanical stimulation
ference is exemplified by the results from salicylate of the lateral membrane elicits the salicylate blockable
treatments. Salicylate reduced OHC membrane capacmotility-related gating charge movement (Gale & Ash-
tance attributable to intrinsic lateral membrane sensormore, 1994; Takahashi & Santos-Sacchi, 1997). Finally,
motors, which is in agreement with earlier studies (Tun-the present data indicate that induced nonspecific charge
stall et al., 1995; Kakehata & Santos-Sacchi, 1996), buffovement cannot evoke or recover blocked mechanical
did not reduce the TPBinduced capacitance of support- '€SPOnses. _

ing cells or OHCs. This evidence further supports the The_ apparent dlscrepgncy bet\_/veen the degree of_ sa
notion that salicylate directly and specifically acts on thelicylate-induced reduction in capacitance and mechanical

sensor/motor of the OHC (Kakehata & Santos-Sacchi®SPonse indicated by the closed symbols in Fig. 7, and
1996), and not via some nonselective mechanism to imP0ted previously (Kakehata & Santos-Sacchi, 1996) may
pede all charge movement within the membrane. be readily accounted for. First, the relative decrease in

The characteristics of TPEnduced nonlinear ca- capacitance and motility is not known since the pipette

pacitance are similar in some ways to those of the OHcfonl'[(a'rTetd tgesd“;g aSnd t?]_e igggt_ IS near :jmmedlate
intrinsic capacitance, namely, each has a shallow voltagg<a ehata antos-sacchi, ); no pre-drug mea-

dependence and is affected by voltage prepulse angures are available. Second, the native nonlinear charge

membrane tension. However, there are obvious differ0VeMent is not completely abolished, and in fact may
' be extended over a wider voltage range than under nor-

ences which are readily revealed when the OHC's intrin- "
) . : . al conditions (reducez), so that measurement could be
sic nonlinear capacitance is blocked. Whereas the OHC . . .
nonlinear capacitance shifts its voltage dependence in th'm'ted by our ability to.dellver extreme voltages. Fu-
%ermore, we have previously shown that when the non-

hegative direction with positive prepulse (Santos—Sacchi:. ear capacitance remaining after salicylate treatment
Kakeh_ata&Takahash_i, 1998), the voltage depgndenceq blocked by G&°, the mechanical response is fully
TPB -mduceq capacnance does the opposite. Also bolished (Kakehata & Santos-Sacchi, 1996). Third, the
whereas positive intracellular pressure decreases OH{\ Jia_cell mechanical response magnitude may be de-
peak capacitance (Gale & Ashmore, 1994; Kakehata &,onqent upon many physical criteria, including turgor
Santos-Sacchi, 1995), TP#nduced peak capacitance nresqure (Shehata et al., 1991; Santos-Sacchi, 1991)
increases. The reasons for these differences are not o qje-cell stiffness (Dallos et al., 1997), and possibly
vious, but may possibly relate to differences in sign of nemprane visco-elasticity (Santos-Sacchi et al., 1997,
the mobile charged species. 1998). The linearity of the residual mechanical response
Despite some similarities between TRBduced  may be an expression of a reductionznvhich would
nonlinear charge movement and OHC intrinsic nonlineamnecessarily provide an apparent linearization within a
charge movement, the former cannot effect mechanicalestricted voltage range.
responses, indicating that TPBharge movement does In summary, TPB ions increase the magnitude of
not alter lateral membrane motor conformation. Simi-ngnlinear capacitance and mod¥i,.c, and Vg, may Of
larly, in frog myelinated nerve, lipophilic dipicrylamine  OHCs. TPB-induced nonlinear capacitance is indepen-
ions did not interact with Na channels (Benz & Nonner, dent of OHC intrinsic nonlinear capacitance. We con-
1981). However, we found that TPBnduced shifts in  clude that the OHC mechanical response is not simply
OHC intrinsicV,, c,Which are mirrored by similar shifts related to quantity of nonspecific nonlinear charge
iN Vg max Since TPB does not directly alter the mag- moved within the membrane, but to the effects of motil-
nitude of OHC muoitility, it is probable that the ion’s ef- ity voltage-sensor charge movement functionally
fects on motility are via electrostatic interactions with the coupled to a mechanical effector.
motility voltage sensor; that is, the voltage dependence
of intrinsic OHC capacitance is likely shifted by TPB  This work was supported by NIH-NIDCD grant DC00273 to JSS.
just as it is by TPP. We thank Margaret Mazzucco for technical help.
A variety of evidence indicates that the OHC's na-
tive nonlinear charge movement is causally related to th%
cell’'s mechanical response. First, blockers of OHC non- eferences
linear capacitance cause reductions in OHC rnc)t”ityAshmore, J.F. 1987. A fast motile response in guinea-pig outer hair
(Santos-Sacchi, 1991; Tunstall et al., 1995; Kakehata & celis: the cellular basis of the cochlear amplifigr. Physiol.
Santos-Sacchi, 1996). Second, the kinetics of charge 338:323-347
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