Cell Motility and the Cytoskeleton 40:107-118 (1998)

Intracellular pH and Chemoresponse to NH,*
iIn Paramecium
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Parameciumare attracted to ammonium chloride solutions relative to sodium
chloride control solutions, but little is known about the mechanisms by which
attraction is evoked. A known effect of ammonium solutions in other cell types is
an alteration of intracellular pH. We show here that intracellular pH is elevated
upon initial exposure to 5 mM NI, but appears to decline within 10 minutes,
both in wild type cells and in two mutants which do not show sustained attraction
to NH4CI using the standard behavioral assay, the T-maze. We also present
quantitative values of swimming parameters that underlie the response4@.NH
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INTRODUCTION tion of the cells in the vicinity of the attractant [Van
Houten, 1978].
. . ) . . We have directly shown that attractants hyperpolar-
lives in a chemically complex environment. As with Othefze the membrane [Van Houten, 1979; Preston and Van
organisms '.t must sense and respond approp_natelyﬁguten’ 1987]. Hyperpolarization, in turn, causes slightly
various gnvwonmenta{ cues. Some of these envViroNM&Rz eased ciliary beating frequency and fewer power
tal cues include chemical signals that affect the behaviggoke reversals caused by calcium action potentials. The
of the cells, causing them to disperse from, or accumulgigs it is a slightly smoother, faster swimming pattern and
in, the vicinity of these compounds. AttractantsRe#ra-  gccumulation of the population of cells [Van Houten,
mecium include folate, lactate, acetate, cyclic AMP7990].
NH,4*, biotin, and glutamate among others [Van Houten  Several lines of evidence strongly suggest that the
and Preston, 1988; Yang, 1994] (Bell and Van Houtefesponse targanic attractants is mediated by specific
unpublished results). As products of bacteRarameci- receptors at the cell membrane. Saturable, specific bind-
um's natural food source, these compounds may serveiag has been found for folate, biotin, and cyclic AMP
food cues. [Schulz et al., 1984; Sasner and Van Houten, 1989; Smith
Accumulation, or attraction, ofParameciumis et al., 1987] (Bell and Van Houten, unpublished results)

brought about by increased mean free paths of the cedisd a cyclic AMP receptor protein has been purified to
due to changes in the angle and frequency of cilianear homogeneity [Van Houten et al., 1991]. Addition-
beating, resulting in increased swimming speed and
decreased frequency of turning [Van Houten, 1978]. Both o BOECE. 27"-bie-(2-carboxetii)-5and-6)-carb

i H i reviations: s "-bis-(2-carboxye -o-(ana-o)-carboxy-
swimming speed and.tummg frequenpy are governe_d ?l?c?rescein; BCECF-AM:ZZT-bisf(2-carbox>;/eth);ll))-5-((and-6))-carb0x§-
t_he membrane p_Otent'al of the cell. Slight hyperpma”z‘ﬂﬂorescein, acetoxymethyl ester; kK intracellular potassium concen-
tion of the cell increases the frequency and alters thgtion: [K*],, extracellular potassium concentration;;pirtracellular
plane of ciliary beating toward the posterior of the cellH.
resulting in increased swimming speed, and also de- _ ) _
creases the likelihood of a €aaction potential-induced Sﬁ;gfe\slgfggﬁ?CBeutrcl’i'n;'t"o'X@%‘;‘fg&ggg;”me”t of Biology, Univer-
turn [Machemer, 1974]. Increased swimming speed along ’ ’ '
with decreased turning frequency bring about accumulReceived 25 September 1997; Accepted 23 February 1998

Paramecium tetraurelias a freshwater ciliate that

© 1998 Wiley-Liss, Inc.
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ally, single site mutants that lack the ability to shovbetween the alkalinization by NH and attraction behav-
attraction to folate or cAMP also lack specific, saturabler of normal and mutant cells.
binding of these respective compounds [DiNallo et al.,
1982; Schulz et al., 1984, Smith_ etal., 1987]. MATERIALS AND METHODS

The receptors for organic attractants appear to
transduce signals to effector proteins to bring about&!turing of Cells
subsequent hyperpolarization of the cell [Van Houten and ~ Wild type Paramecium tetraurelia51-s (sensitive
Preston, 1988]. Hyperpolarization in response to at ledstkiller) and mutants derived from this stock were grown
some organic attractants cannot be accounted for ®&y28C in culture fluid consisting of wheat grass extract
simple K" or Na* efflux or CI influx [Preston and Van supplemented with N&PO,-7H,0 (1 g/l) and stigmas-
Houten, 1987], and indirect evidence exists to support tkRol (1 mg/l). Culture fluid was inoculated witkerobac-
role of a plasma membrane €gpump as the hyperpolar- ter aerogeneg4 to 48 h prior to addition dParamecium
izing entity in chemoresponse to these attractants [Wrigh€lls were harvested in late log-early stationary phase by

and Van Houten, 1990; Wright et al., 1992, 1993; Yano &entrifugation at 35@ for 2 min in oil-testing centrifuge
al., 1996]. tubes. One mutant strain was previously designated as

Attraction to NH* appears to work through ad4-538 and is referred to here as 10-3-3 [Van Houten et
different signal transduction mechanism. First there afl: 1982]; mutant strain 14-3-3 has no corresponding d4

pears to be no cell surface receptor involved. Bindir}F_Signation' These two strains were isolated for their
studies to examine potential receptor characteristics &fdure to be attracted to Ni€I [Van Houten et al., 1982].

not possible using isotopic NfNH,* ligands, but behav- g tions
ioral interference studies could be performed using

various amino compounds as competitive blockers of . AII_buffer solutions cpntain 1 mM Ca_(OI;I,)l mM
NH,Cl-induced attraction. We found no interference dfit'ic acid, and~1.3 mM Tris base plus the indicated salts

: : : . ; : t pH 7.02. BCECF-AM (Molecular Probes, Inc., Eu-
attraction to NH* by amino acids (including Iysme,a ; - .
histidine, arginine, tryptophan, and glycine), nucleotid gne,.QR) was d|ssolveq (1 mg/mi) |n.d|methylsquOX|de.
(CMP and GMP), or vitamins (including folate an igericin (Sigma, St. Louis, MO) was dissolved (5 mg/ml)

thiamine) (Gagnon et al., unpublished results]. Secon'a,methanm'
there appears to be no involvement of thee’Cpump T-Maze Assays
[Van Houten, 1994] (see Discussion). Thus there is no
evidence for a receptor for NH.

In the absence of receptors for WH alteration of
pH; is a likely mechanism by which NJ&I causes
attraction. In solution NECI is in equilibrium with the
membrane permeant molecule NFWhen NH passes

The T-maze assay employs a three-way stopcock
with a two-way bore [Van Houten et al., 1975, 1982]. One
arm of the stopcock contained the control solution while
the opposite arm contained the test solution. The test and
control solutions differed by only one ion pair, but were

. : S therwise identical in pH and ionic strength. Harvested
into the cell it becomes protonated, alkalinizing the celly;s \vere washed twice through 13 ml of the control

[Roos and Boron, 1981]. Itis possible that perturbation @ fer 4t 10@ for 1 min and resuspended in fresh control
pH; may bring about hyperpolarization of the membrang er Cells were loaded into the stopcock via the central
by modulating an ion conductance [Wanke et al., 1978y and the plug was turned to allow cells to swim back
Bear et al., 1988] or by affecting a crucial signahng forth between either arm. After the desired time (2 or
transduction mechanism. In order to test the hypothegi§ min) the plug was closed, the arms were emptied, and
that attraction to Nii" is due to changes in pHve used 3 sample of cells was counted. The index of chemokinesis
the pH-sensitive fluorescent dye BCECF to examine p{i., ) was calculated as the number of cells counted from
in Parameciumafter stimulation with NKCI, both in cell  the test arm/number of cells counted from both the test
suspensions and in individual cells. To our knowledggnd control arms.dh > 0.5 indicates attraction to the test
this is the first study using BCECF to measure; i solution; kne < 0.5 indicates repulsion.

ciliates. Intracellular pH measurements were made in

wild type cells and in two mutants, which are slightlyVideo Recording and Computer Analysis

attracted to NHCI in T-maze assays but cannot sustaifif Behavior

the population accumulation [Van Houten et al., 1975, Harvested cells were washed twice in 5 mM NacCl
1982]. We report here that pi$ altered upon exposure toor 5 mM NH,CI buffer solution by centrifugation and

5 mM NH,Cl in both the wild type and mutants. We alsancubated in 5 mM NaCl or 5 mM NKC| buffer,
analyzed swimming speed and a measure of turningspectively, to adapt at room temperature for at least 30
frequency in order to better understand the correlationin. Immediately before recording, 100 pl of stimulus
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solution was spread thinly over a clean microscope slidep [Clark and Nelson, 1991]. However, we found some
allowing cell motility in only two dimensions. Two straight swimming cells to slightly exceed 1t this
microliters of the cell suspension were added to tteame time interval (data not shown). We also found that
microscope slide, just out of the video camera’s field afetting a threshold above 48ould also exclude some
view. Taping was started immediately and cells swam inggtual turns from being detected as such. We, therefore,
the field of view (cells generally were recorded swimselected 19as our threshold for an angular change to be
ming into the field of view within 2 to 5 sec of beingconsidered a turn. PDC was calculated as follows:

added to the slide). Recording proceeded for at least 15

sec. Cell density was adjusted so that there was usually ppc =
less than 15 to 20 cells on screen at any time. Cells were Total Path Time

transferred from 5 mM NaCl buffer to 5 mM NaCl After videotaping cells in the desired conditions,

(control) or 5 mM NHCI (test) buffer, and from 5 MM 635 urement of swimming parameters was facilitated by
NH,CI buffer to 5 mM NHCI (control) or 5 mM NaCl ¢5cylation and use of the geometric centers of each video
buffer (test). _ image (centroids). To ensure that spuriously low swim-
~Swimming behavior of cells was observed on ging speeds were not determined as a result of cell
monitor (RCA TC1214) connected through a videqmning, the average swimming speed was measured as
cassette recorder (Sony, Park Ridge, NJ, SLV-RSUC) Qe mean speed for each cell-path taken while not
video camera (Cohu 6410, San Diego, CA) mounted on,adergoing any turns. Swimming speed was calculated as
StereoZoom 7 dissecting microscope (Bausch & Lomie |inear distance between each consecutive centroid in
Rochester, NY). Video data was processed using a VidgR same swimming path, divided by the time separating
processor (VP 110, Motion Analysis Corp., Santa RoS@ose points (1/15 sec) [Clark and Nelson, 1991]. In short,
CA) and analyzed using ExpertVision software (versiogngular changes were determined from each set of three
3.14, Motion Analysis) and a modified user prograrionsecutive centroids, and directional changes were noted
graciously provided by Kevin Clark and David Nelsorzach time a cell exceeded an empirically determined
[1991]. Data were analyzed in a procedure similar to thefreshold angle (9. The total number of times that all
previously described by Clark and Nelson [1991], adapted|is exceeded PHrom one path step to the next was
from Sager et al. [1988]. Briefly, the first 15 sec of eacfptaled, the sum multiplied by the time of the path step
taping was processed at a capture rate of 15 frames/gga 5 sec), and that product was expressed as a percent-
and the video outlines of each cell were used to calculaige of the total path time.
the geometric center (centroid) of each cell. The centroids  Swimming speed data were compared between test

were used to calculate each cell's swimming pat@nd control trials using the Mann-Whitney U test.
Because the ExpertVision software often could not cor-

rectly reconstruct paths when two or more cells came Rili Measurement of Cell Suspensions
contact, efforts were made to reduce chance collisions by  Fluorescence measurements were performed using
keeping the total number of cells on screen at about 154a Hitachi (Danbury, CT) F-2000 fluorescence spectrom-
20. Additionally, the maximum number of pixels allowedeter equipped with a magnetic stirrer. The fluorometer was
to define an individual cell outline was delimited and interfaced with a personal computer (AT&T 6386SX/EL)
linear prediction extrapolation was incorporated into thend data were obtained and analyzed using an intracellu-
path calculations. Files containing path data were editid cation measurement software package (Hitachi).
to delete any artifactual paths that may have been Harvested cells were centrifuged through approxi-
included. Paths were smoothed twice to reduce videsately 13 ml of 5 mM NaCl buffer twice and then
noise. transferred to a conical polystyrene centrifuge tube
These paths were then used to calculate two valugsntaining 5 uM BCECF-AM in 5 mM NacCl buffer for a
that are useful in describirigarameciunbehavior. These total volume of 5 ml. Cells were incubated in this
parameters, previously defined by Clark and Nels@uspension for 30 min at room temperature in the dark,
[1991], describe the average swimming speed of the cetfeen centrifuged at 1@0for 1 min and transferred to
while not undergoing any turns (straight swimmin@pproximately 13 ml 5 mM NaCl buffer. Cells were
speed) and the percentage of time that the cells speasmhtrifuged through this buffer and this wash step was
deviating from straight swimming (percent directionalepeated twice. The cells were then resuspended in
changes, or PDC). Directional changes were defined agproximately 2 ml of 5 mM NacCl buffer until used for
determining a threshold angular value which a straighH, measurement.
swimming cell would not exceed in the time interval To measure pHat various time points after introduc-
between two frames (1/15 sec). This angular threshdidn to a stimulus, 0.2 ml of the cell suspension was
had previously been determined fBarameciumto be transferred to a centrifuge tube containing the stimulus

Amount of time spent swimming: 19°
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solution, incubated for an appropriate amount of timeyere transferred to fresh 5 mM NaCl buffer and allowed
and then centrifuged at 16Gor 1 min. The cells were to rest at least 10 min prior to plecording. Cells were
transferred to a quartz or UV-quality optical glass cuvettayered onto a coverslip coated with 2.5% gelatin (w/v in
containing approximately 1.1 ml of the stimulus solutiordistilled H,O) and allowed to sediment to the substrate
The concentration of cells in the cuvette generally ranggdior to measuring pHCells were superfused alternately
between 4,000 and 15,000 cells/ml for the wild type, avith either 5 mM NaCl buffer or 5 mM NECI buffer. To
between 10,000 and 40,000 cells/ml for the mutants. Wigome cells 5 mM NRECI buffer was applied with a puffer
the cells stirring, the cuvette was excited at 506 and 44file being continuously superfused with 5 mM NacCl
nm, and emission intensity recorded at 527 nm, whs buffer. Cells were observed under a Nikon inverted
determined using a calibration curve of the ratio ahicroscope with attached photometer (model D104,
fluorescence intensities at 506 and 440 nggyllag) VS. @ Photon Technology International, Inc., South Brunswick,
variety of pH values. The pHvalues were altered usingNJ). Only cells which appeared healthy (no blistering of
the K*/H* ionophore nigericin [Thomas et al., 1979] andhe cell surface, regular contraction of contractile vacu-
by setting [Kf], equal to [K]; (approximately 18 mM) oles, absence of swollen vacuoles) were used for the
[Hansma, 1974] (see below). pH in the cuvette was themperiments. Cells were excited at 506 nm and 440 nm
altered using HCIl and NaOH and was monitored usingaad emission read at 527 nm and data were processed
pH microelectrode (MI-410, Microelectrodes, Inc., Lonusing DeltaScan software, version. 2.06 (Photon Technol-
donderry, NH) and millivolt meter (MV-1, Microelec- ogy International, Inc.). ApproximateP h after removal
trodes, Inc.). Calibrations were performed for each popfrom the BCECF loading solution, cells started to show
lation of cells used. evidence of compartmentalization of dye (characterized
For pH calibration using nigericin, it was necessarly a punctate distribution of the dye within the cell). To
to have the value of KThe value of [K]; used in our avoid complications from measuring BCECF sequestered
studies was 18 mM, a value obtained from flame photwthin vacuoles or other compartments, cells showing
metric studies ifParamecium tetraurelifHansma, 1974]. evidence of compartmentalization were not used. It was
This [K*]; agrees with concentrations derived fronobserved that when cells containing compartmentalized
electrophysiological studies iR. tetraurelia (18 mM) dye were exposed to Nj&I, no measurable change in pH
[Oertel et al., 1978] antfRb efflux studies irP. tetraurelia  occurred (Davis, unpublished observations). Recordings
(12 to 24 mM) [Hansma, 1981]. Electrophysiologicalvere calibrated using a BCECF calibration curggg(lssao
studies using the K reversal potential irfP. caudatum vs pH) generated in vitro in 5 mM NacCl buffer. We
however, suggest an [{§; of 34 mM [Ogura and Ma- considered this adequate for measurements of qualitative
chemer, 1980]. Ogura and Machemer’s results disagrebanges since the spectral properties of the dye, when
however, with earlier electrophysiological studies omeasured in loaded single cells and in solution, were the
P. caudatumwhich demonstrated [K]; of about 17.5 same (data not shown).
mM [Naitoh and Eckert, 1973]. Additionally, the cellular
conditions between the two methods of measuring pH
were quite different. In suspension, cells were constanf{FSULTS
agitated by stirring, and the effect of this upon;éinot Measurement of pH ; in Cell Suspensions

known. Measurement of pkh single cells required their To determine whether Ni&I could alter intracellu-

immobilization. The deciliation process may affectipHgy b in ParameciumpH; was measured before and after
homeostasis in the cell if, as with €achannels, mecha- . ¢ stimulation using the pH-sensitive fluorescent dye

nisms essential for pH regulation are partitioned into thec e ck which was calibrated intracellularly. Cell suspen-
ciliary membrane [Dunlap, 1977]. Although not identicalgiy s of wild typeParameciunmexhibit a basal pHs.68 +

the pHs are similar in both methods (see results below)q o (s.e.m., n= 5) (Fig. 1A). When transferred from

5 mM NaCl to 5 mM NHCI, wild type cells show an
initial elevation of pHto 6.80+ 0.05 (s.e.m., n= 5),
Harvested cells were loaded with BCECF/AM asvhich appears to gradually decline below basal levels
described above for cell suspension experiments. Afteithin 10 min. This acidification is not dependent upon
incubating in BCECF/AM for 30 min the cells wereremoval of external Ngf. In the two mutants that are
centrifuged out of dye at 1@Jor 1 min and washed twice unable to sustain attraction to NEI, the basal pH
through 13 ml fresh 5 mM NaCl buffer. The loaded cellappears lower over the 10 min time course:; gbf
were then deciliated after the method of Ogura arid-3-3 is 6.40+ 0.08 (s.e.m., n= 5) (Fig. 1B), for
Machemer [1978]. Cells were resuspended in a totbd—3-3 pHis 6.54+ 0.07 (s.e.m., &= 5) (Fig. 1C). These
volume of 2 ml of 5 mM NacCl, 5% ethanol (v/v) andare markedly depressed relative to the wild type, and in
triturated with a Pasteur pipette for 2 min. Deciliated cellgct the basal pHof strain 10-3-3 is significantly lower

pH; Measurement Using Individual Cells
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than in wild type (as determined via Mann-Whitney 70 — T 1
U-test,P < 0.05). Basal pkhotwithstanding, stimulation 69

with NH,CI in these strains causes elevations in; pH Sts
(6.62+ 0.05 and 6.71 0.08 s.e.m., = 5, respectively) 68 ]
com- 67} ]
parable in magnitude to the wild type response, althoug es L — —4
the initial alkalinizations appear to be slower (compare i
the peak alkalinization in Fig. 1). E 85 .
Measurement of pH ; in Individual Cells 84r 7
63l i

Measurement of pHn cell suspensions may accu-
rately represent population responses to a chemic 62| .
stimulus but can also introduce artifacts not attributablt g4 1
to stimulus. For example, mechanical stimulation at th

anterior of the cell induces a depolarization due to al 0 T S s 4 s e 7 8 5 10
inward C&* conductance, while similar stimulation at )

the posterior of the cell causes a hyperpolarization of th Minutes after transfer

cell due to an outward K conductance [Machemer,

1988]. The effects of membrane potential or specific iol 0.

fluxes on pH have not been determined Raramecium
To eliminate possible problems occurring from mechani €9 10-3-3 .
cal stimulation of the cells (for which we perhaps could .,

not control with cells in suspension kept in NaCl) and

also to examine the time course of the response of sing 87 .

Parameciumto NH,CI, pH, measurements were also gg} .

performed on single cells that were deciliated to kee|:d_

them immobilized during observation. 2 85 T
Intracellular pH was measured in single cells super 64 !\‘\"\T\‘—‘

fused with 5 mM NaCl buffer. After a baseline pitas
established, the superfusate was switched to 5 mMOH
buffer. Once the maximal change in pkbs achieved, the 62
superfusate was switched back to NaCl. The reading gL |
were performed over a total of 500 sec for each exper L .

ment, and data were analyzed fromthose cellsthat (1) e ®®" ¢ 47 5 3 4 5 6 7 8 o 10

63

a steady baseline pH2) demonstrated a plfesponse to B Minutes afer transfer
Fig. 1. a: Intracellular pH response of wild type (51-s) to M in Wr m 77T T T T
suspension. Cells were loaded with BCECF in 5 mM NacCl buffer for 69k 1433 ]

30 min and transferred to fresh 5 mM NaCl (contedllid circle) orto 5

mM NH,CI (test,open circlg in quartz cuvettes. Cells were excited at 68 - 4
506 and 440 nm while emission was monitored at 527 nm. Readinc

were performed at the indicated time after transfer. Data shown are tt 67 T
average of 5 experiments. Error bars represent sle.fimtracellular 66 L |
pH response of 10-3-3 to N8I in suspension. Cells were loaded with

BCECF in 5 mM NacCl buffer for 30 min and transferred to fresh 5 mM In: 6.5 - .
NaCl (control,solid circle) or to 5 mM NH,CI (test, open circlg in 64l |

quartz cuvettes. Cells were excited at 506 and 440 nm while emissic
was monitored at 527 nm. Readings were performed at the indicate 63 i
time after transfer. Data shown are the average of 5 experiments. Err
bars represent s.e.mm. Intracellular pH response of 14-3-3 to NE. 62 b
Cells were loaded with BCECF in 5 mM NacCl buffer for 30 min and

transferred to fresh 5 mM NacCl (contradplid circle) or to 5 mM &1 i
NH,CI (test,open circlg in quartz cuvettes. Cells were excited at 506 ol I L T 1 i I L o
and 440 nm while emission was monitored at 527 nm. Readings wel 61 2 3 4 5 6 7 8 9 10
performed at the indicated time after transfer. Data shown are thC Minutes after transfer

average of 5 experiments. Error bars represent s.e.m.
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Fig. 2. Sample trace of pHneasurements in single wild type andarrows. In every case, cells of wild type)(and 10-3-31§) showed
mutant cells. Deciliated cells loaded with BCECF were perfused withreésponses to NKCI. Though not shown in trace (a), pHid not drop
mM NaCl buffer and excited at 506 and 440 nm, while emissiobelow 6.45. Cells from 14—-3-3 however showed responses {CNHI
intensity was monitored at 527 nm. The perfusate was switched tabout 50% of the trials (c), while the remainder of the cells show no
mM NH,CI buffer and then back to 5 mM NaCl at the correspondingbservable response)(

NH,4CI, and (3) returned to approximately basal; pg¥el from which pH responses were elicited. However, both
following return to NaCl. These criteria were met fopopulations of cells would contribute to the population
most of the cells observed (see Fig. 4a—c). suspension measurements.

From these single cell measurements, the basal pH  For NH,CI to affect chemosensory signal transduc-
of wild type cells ¢6.6) appears slightly lower than thatjon through intracellular alkalinization, piwould have
de_termined in suspgnsion measurements (see Table (d)pe altered rapidly. Rapid application of 5 mM N to
Wild type cells alkalinize upon exposure to NEI, and \yj|q type cells is achieved with a puffer at increasing

this alkalinization is reversible, although the extent loguﬁer durations (Fig. 3) and the resulting measured in-

recovery is often inconsistent between individual cel acellular responses to N8I exposure are rapid and de-
with some cells acidifying to levels below basal jpH endent on the duration of exposure, up to a maximum of

while others do not recover entirely to the baseline ov%) sec (not shown). Upon removal of the stimulus, these

the course of the trace (data not shown). _gansient alkalinizations are followed by brief acidifica-

Basal pH measurements for 10-3-3 and 14-3 | is bel he basal bHAS the d : f
appear to be comparable to that of the wild type (sé'@ns to levels be ow the basal pkhs t € uration o
posure to NECI increases, the magnitude of post-

Table I). In contrast, in the suspension measuremen®XPOSUre T X -
the mutants had a lower basal pfFigs. 1-3). These alkalinization aC|d|f|cat|0q E.a.l_SO increases (Fig. 3). Intra_—
mutants, like wild type, show alkalinization upon expocellular pH after these acidifications recovers to approxi-
sure to NHCI and recovery when the superfusate ig1ately basal levels (pH= 6.85 seen at the beginning of
switched back to NaCl, and the extent of recovery alsofide experiment in Fig. 3 vs. pH= 6.81 at the end, not
inconsistent between individual cells. It should be note&ghown in Fig. 3). Application of NaCl control solution
that only approximately 50% of strain 14-3-3 cellgvith the puffer method did not elicit changes in intracellu-
respond to NHCI stimulation (Fig. 4d). Average valueslar pH, ruling out mechanical stimulation involvement in
for 14-3-3, however, were only taken from those celthe intracellular response to N&I (data not shown).
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6.7

0 100 200 300 400
Time (seconds)
Fig. 3. Effect of rapid exposure to N8I on pH. Deciliated wild type monitored at 527 nm. At points indicated by the arrows 5 mM,8H

cells loaded with BCECF were continuously perfused with 5 mM NaGtas puffed onto the cell with the following durations: (1) 100 msec, (2)
buffer and excited at 506 and 440 nm, while emission intensity wa&§0 msec, (3) 500 msec, (4) 750 msec, (5) 1 sec, (6) 2 sec, (7) 4 sec.
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51 10-3-3 1433
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g T
E 08 - 08 — 08—
o
o
en 06| . 06— 06
=
E 04— 0.4 04
E
w2 021 02— 02
00 S\ N o o) 00 o) o) N N 00
IR RN R
o o o o N & o° N o o o° ®
* >
< & & & 5 < & & < & & &

Fig. 4. Swimming speed (mm/sec) for strains 51-s (wild type), 10-3-8tst 15 sec after transfer. Errors bars represent standard error of the
and 14-3-3. Cells from each population were incubated for 30 min mean (s.e.m.). n= 6 experiments for 51-s and 10-3-3, #a 5

5 mM NaCl or 5 mM NHCI buffer and then transferred to 5 mM NaClexperiments for 14—-3-3. Asterisks indicate significant difference from
or 5 mM NH,CI buffer, as indicated. Behavior was examined over thtéhe control using the Mann-Whitney U tegt £ 0.05).

Analysis of Swimming Behavior TABLE I. T-Maze Analysis of Behavioral Response to NHCIt
Two mutant strains were previously described &rain kne (2 min) n lche (30 min) n
showing an initial attraction to NICI, but not sustaining g type 0.64+ 0.08 9 0.83+ 0.09 35
attraction after 30 min in the T-maze assay although they-3-3 0.61+ 0.08 9 0.54+ 0.10 9*
can respond normally to other stimuli [Van Houten et al14-3-3 0.61+ 0.07 9 0.55+ 0.13 12*

1982]. We confirmed that t_he mUtant' p0pU|ati0nS_ QfCeIIs were assayed for their response to 5 mMGls. 5 mM NaCl
10-3-3 and 14-3-3 show a slight attraction after 2 min issing T-mazes (see Materials and Methods). T-mazes were run for 2 or

T-maze assays, but this attraction is not sustained and #emin. kne > 0.5 indicates attraction to test solutions,d <0.5
responses are significantly different from the wild typ@dlcates repulsion. Data shown are the average and S.D. of several

. . . experiments, n shown is the number of T-mazes for 2 or 30 min,
after 30 min (Table I). In contrast, wild tyg@aramecium réfpe'ctivelj Snown 1s ! zes ' '

(strain 51-s) ShOW a S-Iight attractant response tQ®IH «sjgnificantly different from wild type P < 0.05) using the Mann-
vs. NaCl after 2 min using the T-maze assay (Table I). Tiehitney U-test.
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Fig. 5. Percent directional changes (PDC) for strains 51-s (wild type)yer the first 15 sec after transfer. Errors bars represent s.esm6 n
10-3-3, and 14-3-3. Cells from each population were incubated for 88periments for 51-s and 10-3-3,-A 5 experiments for 14-3-3.
min in 5mM NaCl or 5 mM NHCI buffer and then transferred to 5 mM Asterisks indicate significant difference from the control using the
NaCl or 5 mM NH,CI buffer, as indicated. Behavior was examinedvlann-Whitney U test® < 0.05).

attraction is sustained and increases over a 30 min til®C, in control or stimulus conditions, show a high
course. degree of variability from one population to the next (data
While the T-maze assay is useful in determining aot shown).
population behavioral response, it cannot be used to The behavioral mutant 10-3-3 also exhibits a
analyze the swimming behavior parameters of individualgnificant increase in swimming speed when encounter-
cells that contribute to the population response. To betiag NH,Cl from NaCl (Fig. 4), but no significant differ-
characterize the swimming parametersR#ramecium ences are noted for PDC (Fig. 5). Neither PDC nor
that are affected by Ni€I, computerized motion analysisswimming speed are altered by transfer from jJ8Hto
is used. NaCl. Mutant strain 14-3-3 does not show significant
The swimming parameters that are relevant thanges in swimming speed (Fig. 4) or PDC (Fig. 5) after
chemoattraction are swimming speed and frequency @ther of the experimental transfeR ¢ 0.05).
turning [Van Houten, 1978]. We have shown previously
tha‘g speed and frequency of .turning (with adaptation) 3RSCUSSION
sufficient parameters to simulate chemoresponse in
T-mazes [Van Houten and Van Houten, 1982; Van Houtefftracellular pH
1990]. Here we measure swimming speed and percent Paramecium tetraurelias a freshwater ciliate that
directional change (PDC), which is a function of turnindgpas the ability to sense and respond to various chemical
frequency (see Materials and Methods). signals in its environment. Certain chemical compounds,
Swimming speed and PDC are measured for twsuch as lactate, acetate, folate, cyclic AMP, biotin,
situations that a cell in a T-maze assay might encountgiutamate, and NKCI, are attractants oParamecium
after crossing the boundary from NaCl into MH, or Here we examind?arameciumto see whether NECI
after swimming from NHCI into NaCl. Speed and PDCalters pH and whether these changes correlate with
are also measured for the appropriate control transfensodulation of swimming behavior necessary for attrac-
from NaCl to NaCl or from NHCI to NH,CI, respec- tion. The motivation for examining prtomes from the
tively. Wild type cells significantly increase swimmingdifferences between the signal transduction pathways for
speed upon introduction to 5 mM NAEI from 5 mM other attractants and NBI, First, the calcium pump is
NaCl, compared with their speed in the control transfeot involved in the NHCI chemoresponse. We have three
from 5 mM NaCl to 5 mM NaCl (Fig. 4). Likewise, lines of indirect evidence for this.(1) Lithium, which
swimming speed significantly decreases after celleduces C& homeostasis efflux from cells and perturbs
adapted to 5 mM NELCI, are transferred to 5 mM NacCl, chemoresponse to acetate, folate, and lactate, has no an
compared with speed in the control transfer from 5 mMffect on chemoresponse to MEl, suggesting that Ca
NH4.CI to 5 mM NH,Cl. PDC values decrease afteefflux may not be linked with attraction to NHas it is
introduction to NHCI, and increase in cells as they arsvith other attractants [Wright et al., 1992]. (2) The?Ca
transferred from NECI to NaCl, but this latter change ishomeostasis mutant, K-shy [Evans et al., 1987], does not
not statistically significant (Fig. 5). We also observed thatspond to acetate or folate, but responds normally to



Intracellular pH and Chemoresponse 115

NH,4CI [Van Houten, 1990]. (3) Antisense down regulabasal pH of wild type cells (pH 6.68 = 0.02 in cell
tion of calmodulin levels to indirectly affect the pump hasuspension measurements, vs. 6:56.08, s.e.m., &= 3,
no effect on increased motility in NFICI, which is in single cell measurements), the absolute values should
characteristic of behavior in attractants; however, th® regarded cautiously since the single cell data are taken
same antisense treatment inhibits increased motility rom a much smaller sample size and from deciliated
response to the attractant acetate [Yano et al., 1996&lls. Additionally, the BCECF calibration curve used for
Second, intracellular cyclic AMP levels rapidly rise aftethese single cell experiments was generated with dye in
stimulation by glutamate, but not after stimulation wittbuffer, whereas dye loaded within the cells was used for
other organic attractants or N8I [Yang and VVan Houten, calibration for the cells in suspension. Since it was
1993; Yang et al., 1997]. This further points to at leagtossible that the spectral properties of BCECF in buffer
three different signal transduction pathways for th@ mM NaCl buffer) might differ from those exhibited in
attractants acetate, glutamate and ,8H Third, no the cell, we determined that the spectra of the dye in
analog appears to compete for [ attraction, reinforc- buffer and in individual cells were the same before
ing the possibility that there is no cell surface receptor f@roceeding with the single cell measurements. Another
NH,4CI. In light of these observations, we wanted tpotential source of disparity between the cell suspension
explore the possibility that NJt acted by alkalinizing and the microfluorometric measurements is the possibil-
the cell, possibly by entering as Nkvithout interacting ity of error in the assumed intracellular {iK necessary
with a of cell surface receptor. for the in vivo calibration of suspension data. In vivo
Our first approach was to measure;pil suspen- calibrations using nigericin are performed for the cell
sions of cells. Basal phivas found to be= 6.7 in the wild suspension measurements in the presence of external K
type cells, and this increased by about 0.1 pH unit afttFhomas et al., 1979]. The external {Kis generally set
exposure to NECI. Interestingly, after maximal alkalin- near the intracellular [K] to allow the intracellular [H]
ization, pH appears to decline within 10 min to a leveto equilibrate to the external [H. If this chosen external
around or below basal gHThis is surprising since [K*] is different from the actual intracellular [H, the
intracellular acidification to values close to or lower thanalibration curve may be shifted, giving spurious results
basal levels is often seen afremovalof external NH*, (see Materials and Methods for choice gfglue.
due to the dissociation of intracellular YH that was The qualitative agreement in prheasurements in
taken up slowly during incubation in ammonium solutiosuspension and single cells confirms the alkalinizing
[Roos and Boron, 1981]. While this slow uptake of NH effect of NH,Cl on wild typeParameciumpH,; values for
can also account for a slow acidification as we see ihe mutants also are in fair agreement between suspen-
Parameciumfollowing an initial rapid NHCI-induced sion and single cell measurements. The absolute differ-
rise [Boron and DeWeer, 1976], this acidification woulénces between these methods of measuPargmecium
not be expected to reach the magnitude and relativéhtracellular pH could be due to differences in calibration
rapid time course as shown in Figure 1 [Madshus, 1988jf the dye (see Materials and Methods) or the deciliation
For example, pHn squid giant axons acidifies afterof the cells used in single cell measurements. Unfortu-
NH,4Cl-induced alkalinization from approximately 7.7 pHnately, it is not possible to keep deciliated cells in
units to almost 7.6, but this acidification requires almosidequate suspension by stirring alone without damaging
2 h, and the basal pHs never approached [Boron andhem to provide a deciliated suspension control. While
DeWeer, 1976]. the two methods are in qualitative agreement in measure-
Alkalinizations in response to NJ&I were also ments of wild type cells, the single cell measurements do
observed in the mutant strains. In suspension, the mutants bear out the low basal pkheasurements made in
exhibited basal levels of pHnuch lower than the wild suspension cultures of mutants 10-3-3 and 14-3-3. Of the
type (pH = 6.7 for wild type cells [Fig. 1a]<6.40 for two mutants, 14-3-3 had the lower basal pH value in
10-3-3 [Fig. 1b]~= 6.55 for 14-3-3 [Fig. 1c]). These datasuspension measurements, and in the single cell measure-
suggest that (1) the mutants might possess some fauttgnts, we used values only from those cells that showed
pH; regulatory mechanism and (2) this regulatory mechpH; alterations in response to NEI. The cells that did
nism (or perhaps simply the low basal pHnight not respond to NECI were not included in the data in
somehow be involved in the lack of sustained attraction gingle cell measurements (Table II), but these unrespon-
NH,CI. sive cells, about half of those tested, would be included in
We also measured pHn single wild type cells, the suspension measurements. The difference among the
which clearly demonstrated an intracellular alkalinizatioh4—3-3 cells is not due to mixtures of genotypes because
as a result of NHCI (Figs. 2, 3). While the pHvalues the cells have been subcloned and the population should
obtained by single cell measurements appear to diffiee genetically identical. (Very small changes in speed and
slightly from those obtained in suspension, especially f®DC are adequate to explain accumulation of populations
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TABLE Il. Intracellular pH From Single-Cell Measurements * Comparison With Previous Work on Paramecium

Strain Basal p(before NHCI) Peak pHi(after NH,CI) Microelectrode measurements in a different spe-
wild type (51-s) 6.56- 0.14 6.88+ 0.18 cies,P. caudatumindicate a pHof 6.80 [Umbach, 1982].
10-3-3 6.51+ 0.16 7.09= 0.18 These are similar to (and support) our cell suspension
14-3-3 6.55= 0.07 6.90+ 0.18 results for wild type cells. Umbach found that treatment

*Intracellular pH measured in individual cells before (basal) and aft@f cells with NH,Cl resulted in an elevation of pHo
stimulation with NHCI. Deciliated cells loaded with BCECF were >7.1, more than 0.2 pH units higher than our observa-
e e o e st e g "Hons. However, the concentration of Dl used by
typé and 10_'3_3) or R 5 cells (14-3-3). : Umbach was 10 mM, tvyice our concentration, which may
sData representing only those cells that responded tgdNEsee text). account for the magnitude difference between the two
sets of results. Additionally, Umbach did not report a
post-alkalinization decrease of pldfter exposure to
NH4Cl even after 10 min. This, however, may be
of cells [Van Houten and Van Houten, 1982]. Thereforggttributable to a slow rate of bath change, since peak
behavioral data do not assist in determining more abaylkalinization did not occur until about 10 min after
the heterogeneity of cell pH responses in 14-3-3 becausgitching to NHCI, at which point the superfusate was
of the inherent large variability in the behavioral measureeturned to NH*-free solution [Umbach, 1982].
ments, which would obscure the small differences in . .
speed and PDC between responding and non-respondiffjretation Between pH ; and Motility
populations of 14-3-3.) Additionally, it is not likely that In order to determine whether the observed changes
the subset of cells that are unresponsive (approximatély pH; responses are related to motility responses to
50% of those examined) are impermeable to;N#it the  Stimulus, we analyzed both population and individual cell
reason for their failure to alkalinize is not known. Theskehavior. We confirmed with T-maze assays that wild
cells, like 10-3-3 and wild type, are attracted to acetabépe cells show attraction to N&I relative to NaCl over
solutions, which we know acidify the wild type cells short time (within 2 min) and that this attraction is
[Davis,1994], but this does not shed more light ofustained and increases over 30 min, while the T-maze
possible mechanisms for their defects in response ggalysis of the mutants showed they have the ability to
NH,CI. detect and respond to NBI, but only initially. These

Perhaps the most persuasive demonstration of aﬁgl[ains shqwed slight attract_ion to NE after_2 min, but
lalinization of single cells in response to Y& are the this attraction was not sustained after 30 min (Table I).

data from puffing the stimulus onto the cells (Fig. 3). Als We proceeded to examine in wild type and mutants

demonstrated with puffer application is a tendency f jvo swimming parameters that are thg most important
contributors to the attractant response: swimming speed

pH; to acidify after removal of external ammonium. The d frequency of turning [Van Houten, 1990; Van Houten

magnitude of this acidification appears to correlate wifh
9 PP and Van Houten, 1982]. Computerized motion analysis

the duration of NHCI-expogure, as has been seen in OthWas used to determine cell swimming speed and percent
systems s_uc_h as squid giant axon [Boron and_ Dewegﬁ’ectional changes, or PDC, which is a representative
197?]'. This is presur_nably dug to prolonged influx g arameter of turning frequency [Clark and Nelson, 1991].
NH,™ into the cell, which dissociates to Nidnd H* and - g,\imming responses to most attractants include a moder-
is maintained in the cell when NI is removed. The 50 increase in speed and a slight decrease in turning
exposures of single cells to N8I are much shorter thangrequency relative to behavior in control solutions [Van
thg exposures of cells in suspension (e.g., 200 sec vs..ZQ ten, 1978]. Conversely, removal of cells from a
min),which could explain why we do not see recovery qg|ative attractant to control results in a decrease in
the pH in single cells in NECI. The acidification induced swimming speed and an increase in turning frequency
by puffer application of NHCI is reminiscent ofthatseen[\/an Houten, 1978]. Therefore, the response of cells
in cell suspension in the continued presence o8I transferred both to and from N8I was also observed.
although it is uncertain whether these phenomena are Computerized analysis showed that when wild type
related. Measurements of pid individual cells that were cells were transferred from NaCl to NEI, the cells’
superfused first with NaCl then NBI and then NaCl swimming speed increased, and PDC decreased, consis-
again did not consistently show a post-alkalinizatiotent with an attractant response. Conversely, swimming
acidification. It is possible that acidification might occuspeed decreased and PDC increased upon transfer from
but might not be seen simply because replacement H,Cl to NaCl, observations that are consistent with a
NH4CI by NaCl in the bath was very gradual compared telative repellent response. The swimming speed of wild
the rapid return to NaCl with the puffer technique. type cells after the two control transfers (from NacCl to
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NaCl or from NH,CI to NH,Cl) was approximately the sponse, including in T-mazes [Van Houten, 1990]. There-
same and was consistent with behavioral adaptation bdoke, we expected to see modulation of PDC even in the
to a basal level given sufficient time after transfer from mutants because they are initially attracted in T-mazes,
relative repellent (NaCl) to an attractant (MH). How- and intracellular alkalinization does occur, albeit more
ever, PDC was highly variable and the increase was radowly, in NH,Cl. However, the expected changes in
statistically significant. speed and PDC did not occur. Therefore, either s
Basal swimming speed of the mutants in NaCl wasot govern the initial change in speed and PDC or the
similar to that of the wild type and, as in the wild typemutants may just be slow to translate the change in pH
strain 10-3-3 showed significant increases in swimmirgto a change in speed and PDC in the short time after
speed, but here the similarity ended. Mutant 10-3-3 dichnsfer. This latter explanation is a distinct possibility
not show significant changes in speed when transferdeecause the time course of the alkalinization differs
from NH,CI to NaCl and showed no significant change iamong wild type and mutants in suspension measure-
PDC under either transfer condition. There were nments, although we did not attempt a kinetic analysis.
statistically significant changes in swimming speed or
PDC when strain 14—3-3 was transferred either to or frobii Regulation in Paramecium
NH4CI. It is possible, however, that any statistical differ- We have little insight into pHregulatory mecha-
ences may be masked by the variance of behavior noiggms inParameciurat present. Amiloride, a blocker of

between one mutant population and the next. Na‘*/H* exchange has been used in perturbing the
_ attractant effects of acetate &arameciunfVan Houten
Mechanism and Preston, 1985]. Including 0.5 mM amiloride in both

There is a general temporal correlation between tiggms of the T-maze effectively blocked attraction of cells
rapid change in pHn normal cells, the attraction of thes© Na-acetate from NaCl. However, this is a secondary
cells to NH,CI, and the expected change in speed arfect since amiloride itself is a strong repellent inNa
PDC that are known to be necessary for popu|ati(_h'ut not K*, solutions, and amiloride does not inhibit
accumulation in attractant stimuli [Van Houten, 1990pttraction to K-acetate relative to KCI. Thus, some
However, the site of action of the pH effect is not knowia"-dependent carrier may be at work in the cell, which,
at this time. It is possible that pH has an effect on dyneihinhibited, could result in depolarization of the cell.
function, changing ciliary beating frequency and power ~ Many candidate transporters and mechanisms could
stroke (hence turns). Sea-water induced initiation @ffect ParameciunpH homeostasis, such as an electro-
motility in sea urchin sperm is dependent upon intracell@enic ATP-dependent €aH* antiport [Yu et al., 1993]
lar alkalinization, which activates flagellar dyneins [Chrisand H" ATPase pump. There is evidence for & pump
ten et al., 1983]. However, this would not address tHeom cloning open reading frames Paramecium(Van
mechanism by which cells hyperpolarize in M, and Houten and Elwess, unpublished results). However, a
hyperpolarization has effects on axonemal function. Altegreat deal remains to be explained RarameciumpH
native|y, there could be a direct effect on membrar@ntrOL Until other pOSSible contributors to pH homeosta-
potential, ion channels, or pump function by pKit the Sis are explored, we can only speculate about the site of
moment, we have no evidence to distinguish betweégfects in the mutants and mechanism(s) of, Mkidifi-
these alternative mechanisms. cation.

It is difficult to explain the defects in the mutants
that are unable to sustain a response toGIHFirst, one Summary
would expect to see an initial change in speed and in In summary, we have shown that NEl, at a
mutant PDC upon transfer from NaCl to WEl because concentration that is attractant in behavioral assays, does
the cells can, over 2 min, show attraction to ) in alkalinize pH. We have also demonstrated a surprising
T-mazes. The cells do show alkalinization, although afrop in pH within 10 min after continuous exposure to
different magnitudes and their basal;pélels are below NH,CI, both in the wild type and in behavioral mutants
those of wild type cells. Notably in suspension measurtiat show initial but not sustained attraction to )iHin
ments, the aklalinization appears to be slower than in ttiee standard behavioral assay, the T-maze. Interestingly,
wild type cells (compare peak alkalinizations in Figdn these mutants there is an initial fHalkalinization
1-3). The slower time course is not born out in the sing@milar in magnitude to that displayed by the wild type,
cell measurements for 10—3-3, but half of the populatidsut the basal pHof these mutants appears to be lower.
of 14-3-3 shows no change in p&t all in NH,CI (Fig. 2). Paramecia swim faster and turn less frequently upon

We know from experiments with Pawn mutants thegtimulation with the attractant NJ&I. Mutants unable to
cannot make abrupt swimming path turns, that thmustain attraction to NMCI show diminished behavioral
modulation of turning frequency is essential for chemoreesponses and these behavioral defects likely contribute



118 Davis et al.

to abnormal population responses in T-maze testing feghulz, S., Denaro, M., and Van Houten, J. (1984): Relationship of
attraction to NHCI relative to NaCl. However, it is not folate binding and uptake to chemoreceptiofParameciumJ.

: s : : - Comp. Physiol. 155:113-119.
possible at this time to assign a cause of their populatlgn

behavior def h : . mith, R., Preston, R.R., Schulz, S., Gagnon, M.L., and Van Houten, J.
ehavior defect to these swimming parameters. (1987): Correlations between cyclic AMP binding and chemore-

ception inParameciumBiochim. Biophys. Acta 928:171-178.
Thomas, J.A., Buchsbaum, R.N., Zimniak, A., and Racker, E.(1979):
REFERENCES Intracellular pH measurements in Ehrlich ascites tumor cells
Bear, C.E., Davison, J.S., and Shaffer, E.A. (1988): Intracellular pH utilizing spectroscopic probes generated in situ. Biochemistry
influences the resting membrane potential of isolated rat hepato- ~ 18:2210-2218.

cytes. Biochim. Biophys. Acta 994:113-120. Umbach, J.A. (1982): Changes in intracellular pH affect calcium
Boron, W.F., and De Weer, P. (1976): Intracellular pH transients in currents inParamecium caudatumProc. R. Soc. Lond. B

squid giant axons caused by §MH;, and metabolic inhibi- 216:209-224.

tors. J. Gen. Physiol. 67:91-112. Van Houten, J. (1978): Two mechanisms of chemotaxi®aname-

Christen, R., Schackmann, R.W., and Shapiro, B.M. (1983): Metabo- cium J. Comp. Physiol. A127:167-174.
lism of sea urchin sperm: Interrelationships between intracelli¥an Houten, J. (1979): Membrane potential changes during chemokine-

lar pH, ATPase activity, and mitochondrial respiration. J. Biol. sis inParameciumScience 204:1100-1103.
Chem. 258:5392-5399. Van Houten, J. (1990): Chemosensory transductidParameciumin
Clark, K.D., and Nelson, D.L. (1991): An automated assay for Armitage, J.P.and Lackie, J.L. (eds.): “Biology of the Chemotac-
quantifying the swimming behavior ¢farameciunand its use tic Response.” Cambridge: Cambridge University Press, pp.
to study cation responses. Cell Motil. Cytoskeleton 19:91-98. 297-332.
Davis, D.P. (1994): Effects of intracellular pH and attractant behavigian Houten, J.L. (1994): Eukaryotic microbiology chemoresponse:
in Paramecium tetraureliaM.S. Dissertation, University of News for neuroscience? Trends Neurosci. 17: 21-27.
) Vermont. Van Houten, J., and Preston, R. R. (1985): Effect of amiloride on
DiNallo, M.C., Wohlford, M., and Van Houten, J. (1982): Mutants of Parameciunthemoresponse. Chem. Senses 10:466.

Parameciumdefective in chemokinesis to folate. Geneticsan Houten, J., and Preston, R.R. (1988): Chemokinesis iteGioD.
102:149-158. _ _ (ed.): “Parameciunt.Berlin: Springer-Verlag, pp. 282-300.
Dunlap, K. (1977:) Localization of calcium channelsRaramecium x4, Houten, J., and Van Houten, J. (1982): Computer simulation of

caudatumJ. Physiol. 271:119-133. o Parameciunthemokinesis behavior. J. Theor. Biol. 98:453-468.
Evans, T.C., Hennessey T., and Nelson, D.L. (1987): Electrophysiologjis, Houten, J., Hansma, H., and Kung, C. (1975): Two quantitative

cal evidence suggests a defective®Ceontrol mechanism in a assays for chemotaxis iParamecium J. Comp. Physiol

newParameciunmutant. J. Membr. Biol. 98:275-283. 104:211-223 ' ' '

Hansma, H. (1974): Ph. D. Dissertation, University of California alan Houten, J., Martel, E., and Kasch, T. (1982): Kinetic analysis of

H SargaGBa:rL%a;rla.'T f | iorRa . chemokinesis oParameciumJ. Protozool. 29:226-230.
ansma, H.G. (1981): Turnover of monovalent catiorBamamecium ;.\ touten, J.L., Cote, B.L., Zhang, J., Baez, J., and Gagnon, M.L.

J. Exp. Biol. 93:81-92. . : . .
) o . (1991): Studies of the cyclic adenosine monophosphate chemo-
e e na oo, b 12 receptorParameciumd. b B, 1191524
P g um-. P- FhysIOl Wanke, E., Carbone, E., and Testa, P.L. (1979): ¢onductance

92:293-316. modified by a titratable group accessible to protons from the
Machemer, H. (1988): Electrophysiology. Iri @0 H.D. (ed): "Para- intracellular side of the squid axon membrane. Biophys. J.

mecium” Berlin: Springer-Verlag, pp. 185-215. 26:319-324.

Madsh:;isl-.gi.ogtiﬁl)i]g%%lflla_t;n of intracellular pH in eUkaryOtl?Nright, M.V., and Van Houten, J.L. (1990): Characterization of a

putative Ca&'-transporting C&-ATPase in the pellicles of

Naitoh, Y., and Eckert, R. (1973): Sensory mechanismPaname- . A .
Paramecium tetraurelisBiochim. Biophys. Acta 1029:241-251.

cium Il. lonic basis of the hyperpolarizing mechanoreceptor

potential. J. Exp. Biol. 59:53-65. Wright, M.V., Frantz, M., and Van Houten, J.L. (1992): Lithium fluxes

Oertel, D., Schein, S.J., and Kung, C. (1978): A potassium channel in Parameciumand their relationship to chemoresponse. Bio-
activated by hyperpolarization ParameciumJ. Membr. Biol. _chim. Biophys. Acta 1107:223-230.

43:169-185. Wright, M.V., Elwess, N., Van Houten, J. (1993): Taransport and

Ogura, A., and Machemer, H. (1978): Electrophysiological conse- ~ chemoreception inParamecium J. Comp. Physiol. B 163:
quence of deciliation iParameciumActa Protozool. 18:183. 288-296.

Ogura, A., and Machemer, H. (1980): Distribution of mechanorecept¥fng, W.Q., Braun, C., Plattner, H., Purvee J., and Van Houten, J.L.
channels in theParameciumsurface membrane. J. Comp. (1997): Cyclic nucleotides in glutamate chemosensory signal
Physiol. A 135:233-242. transduction oParameciumJ. Cell Sci. 110:2567-2572.

Preston, R.R., and Van Houten, J.L. (1987): Chemoreception Y&ng, W.Q. (1994): Identification and characterization of glutamate
Paramecium tetraureliaAcetate and folate-induced membrane and IMP receptors and their signal transductioRaramecium
hyperpolarization. J. Comp. Physiol. A 160:525-535. tetraurelia.Ph. D. Dissertation, University of Vermont.

Roos, A., and Boron, W.F. (1981): Intracellular pH. Physiol. Rewano, J., Fraga, D., Hinrichsen, R., and Van Houten, J.L. (1996):
61:296-434. Effects of calmodulin antisense oligonucleotides on chemore-

Sager, B.M., Sekelsky, .J.J, Matsumura, P., and Adler, J. (1988): Use of ~ sponse oParameciumChem. Senses 21:55-58.
a computer to assay motility in bacteria. Anal. Biochem. 173vu, X., Carroll, S., Rigaud, J.L., and Inesi, G. (1993)F dounter
271-277. transport and electrogenicity of the sarcoplasmic reticulum
Sasner, J.M., and Van Houten, J.L. (1989): Evidence féai@mecium Ca&* pump in reconstituted proteoliposomes. Biophys. J. 64:
folate chemoreceptor. Chem. Senses 14:587-595. 1232-1242.



	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	TABLE I.

	DISCUSSION
	TABLE II.

	REFERENCES

