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SUMMARY

Glutamate is an attractant stimulus toParamecium tetrau- 200 mseconds. Cyclic GMP does not change relative to
relia. It causes a hyperpolarization of the cell and smooth, basal levels over rapid or slower time courses of glutamate
relatively fast swimming that is characteristic of hyperpo-  stimulation. An antagonist of glutamate, IMP, depolarizes
larizing stimuli. We show here that by 1-30 seconds of stim- the cells and decreases intracellular cyclic AMP by approx.
ulation, glutamate increases intracellular cAMP. Interest- 50% and slightly increases cyclic GMP. Results of behav-
ingly, other attractant stimuli, such as acetate and Nk{ClI, ioral tests of cells treated with protein kinase inhibitors also
that similarly hyperpolarize the cell do not induce an suggest that cyclic AMP is part of the signal transduction
increase in cyclic AMP observable at 30 seconds. In order pathway for glutamate, but not for other attractant stimuli.

to determine whether the changes in cyclic AMP could be These studies are the first demonstration of a possible role
rapid enough to participate in stimulation as compared to  for cyclic nucleotide second messengers in an attractant
slower processes such as adaptation, rapid kinetic mea- chemosensory transduction pathway iParamecium
surements of cyclic AMP were made on whole cells by

guenched-flow. We found that, in cells stimulated with

glutamate, intracellular cyclic AMP increases by 30 Key words:ParameciumCyclic AMP, Cyclic GMP, Glutamate,
mseconds and peaks at about sevenfold over basal levels byChemoreceptor, IMP

INTRODUCTION identified (Van Houten, 1978; Van Houten and Preston, 1987,
Bell and J. L. Van Houten, unpublished observations). They
Glutamate has been recognized as an important intercellulbave in common that they all hyperpolarize cells and cause rel-
signal molecule for neurotransmission (Tanabe et al., 1992; Watively fast and smooth swimming. Such swimming behavior,
and Oswald, 1995; Nakanishi, 1992). Perhaps not as wellith adaptation, causes the accumulation of cells by a biased
appreciated is that glutamate also serves as an important emmandom walk (Van Houten, 1990).
ronmental cue for many different organisms. Lobsters (Carr There are at least three different signal transduction
and Derby, 1986; Fine-Levy et al., 1987), fish (Caprio et alpathways, or at least alternate versions of pathways, and the
1993), and mammals including humans (Yamaguchi, 1987) caaitractant stimuli acetate, N8I, and glutamate each stimulate
detect, that is, taste and/or smell, glutamate among other amiadifferent pathway. The pathways epitomized by acetate and
acids. Mammalian taste has the added interesting aspect gifitamate are cell surface receptor-mediated, and that epito-
synergism of glutamate with' Fibonucleotides, known as mized by NHCI involves intracellular pH modulation
‘umami’ taste (Ugawa and Kurihara, 1994; Faurion, 1991)probably without receptor involvement.
Therefore, it is not unusual that paramecia detect and areHyperpolarization by altering membrane potential (Vm)
attracted to glutamate, which could very well indicate thathrough lowering extracellular K levels has long been
bacteria, their food, are at hand. Preston and Usherwood (1988 monstrated to elevaRarameciuntyclic AMP levels, and
described attraction to glutamate and specific binding sites doth hyperpolarization and cyclic AMP correlate with
cilia. Likewise, in our studies, glutamate is an attractam to increased ciliary beating and rapid swimming (Machemer,
tetraurelia, albeit at higher concentrations than used byl989; Pech, 1995). Here we show that hyperpolarization of
Preston. The attractant responses are consistent and robustthes cells induced not only by altering extracellular K, but
shown in this paper. also by receptor-mediated processes raises intracellular
Attractants of Paramecium tetraureliatend to be small cAMP levels. What is even more interesting is that this
molecules that probably indicate the presence of bacteria. Neecond messenger response is specific to the glutamate
only glutamate, but also acetate, extracellular cyclic AMPpathway; other attractant stimuli that hyperpolarize do not
biotin, folate, and NKCI are among the stimuli that we have appear to elevate cAMP.
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We also report here that protein kinase inhibitors interfere The alternative mixing method was used to simulate the rapid
specifically with attraction to glutamate, which is consistenkinetic measurements below, in which cells in control buffer were
with the demonstration in this paper that glutamate a|0n@.pid|y mixed with more control buffer or with stimulus. ThjS has. an
among the attractants tested increases intracellular cyclic AMEPact on the degree of hyperpolarization that can be achieved in the
Additionally, we demonstrate that the increase in cyclic AMPYYPerpolarization control. ~ . :
occurs rapidly enough to be consistent with a role in the signal 2552y were done three times in duplicate and data points were an

H . o verage of 3 + one standard deviation or error of the mean, as
transduction pathway as opposed to or perhaps in addmoni ecified
a role in slower processes such as adaptation. To accompli '
the rapid kinetic measurements, we utilized a custom rapidapid kinetic measurements

mixing apparatus in order to rapidly stimulate and keep wholgor the rapid kinetic time course, a rapid mixing apparatus was used
cells intact (Knoll et al., 1991, 1992a,b). Other rapid mixing(Knoll et al., 1991, 1992a,b). Cells were prepared and washed as
protocols would require broken cells or membranes. above and incubated for 30 minutes in the control buffer. 2 ml of cells
(1°/ml) cells were rapidly mixed with either 2 ml of control buffer
or with 2 ml of stimulus buffer. Cells were then rapidly stopped by
MATERIALS AND METHODS guenched-flow when they were shot into 20% ice-cold _perchloric acid
after 30, 100, 300, 1,000 or 5,000 mseconds. The mixture was then
Culturing homogenized and neutralized with cold 1.5 M KOH/60 mM Hepes to
) . - . pH 7.0. The mixture was left on ice until the salt precipitated. Half of
Stocks_ of Paramecium tetrgurehaﬁl-s _(sensmve to killer) were supernatant was removed, dried, and store@GfC. For assays
grown in wheat grass medium as previously described (Sasner ag cyclic AMP, the sample was dissolved in 0.5 ml of 4 mM

Van Houten, 1989). Cells for assays of cyclic nucleotides wergiq/epTa puffer (from the Amersham kit) for 2 hours, centrifuged
gggg‘ in a supplemented wheat medium (described by Wright et alyt 10 000g for 2 minutes. 5@l duplicate aliquots were removed for
1 .

assays.
Slow time-course assays of cyclic AMP Assays of cyclic GMP

In general, early stationary stage cells were harvested by centrifuggz, ; ; ;

X ; o= : ] paration of cells for assays of intracellular cyclic GMP were
tion and washed b% clentrlfugatlon in b|?5|(_: buff_er. 1 mM gaomM similar to those for cyclic AMP, with the exception that 1,00
MOPS (3-N-morpholino} propane sulfonic acid), 1 mM IBMX (1- g, hjicate samples of supernatant were taken for assays of cyclic GMP

isobutyl-1-methyl xanthine), 0.01 mM EDTA with various salts ;) "yhe Amersham kit protocol. Positive controls also differed, as
indicated, adjusted to pH 7.2 with Tris base. (IBMX is added tod)e/scribed in the Resultg. ' '

decrease phosphodiesterase activity. We have previously shown that
IBMX does not interfere with the cAMP or cGMP assay by T-maze assays of Chemoresponse

comparing standard curves with and without IBMX.) After the IaStAttraction to glutamate was assayed by T-mazes (Van Houten et al.,

wash, the cells were resuspended in control solution (ba5|£982) Cells were distributed in
. . . glass stopcocks and the numbers of
CaCh/MOPS/IBMX/EDTA buffer with KCI or NaCl appropriate for o5 in the arm with test buffer relative to those in the arm with

that particular control). After 30 minutes, aliquots of the cells wer ontrol buffer were used to calculate an index of chemokinesis.
p_elleted, and the pellet was transferred by Pasteur pi_pet and rap_i dices >0.5 indicate attraction; <0.5 indicate repulsion. To test for
dispersed into the same control buffer o the basic buffer withne effects of kinase inhibitors H8 ([2(methylamino)ethyl]-5-iso-
stimulus. For example, a pellet of approx> tells from control 5 quinolinesulfonamide) (Sigma) and H7 (1-[5-isoquinolinylsul-
mM KCl in buffer would be transferred to buffer with 5 mM KCl as fonyl]-2-methylpiperazine) (Sigma), cells were washed in 5 mM
control for mechanical stimulation or to 5 mM K-L-glutamate as tesy | in chemokinesis buffer (1 mM Ca(Om)L mM citric acid, Tris

stimulus. base to pH 7.1 and indicated salt, e.g. 5 mM KCI), incubated in 2

.For a time course beginning at 30 seconds,.EDTA was added HAM H8 or H7 in 5 mM KCI chemokinesis buffer for 30 minutes and
aliquots of cells (10 mM EDTA, final concentration, pH 7.2) to StOpimmediater assayed in T-mazes for attraction to glutamate or

cyclic AMP production during a subsequent 2 minute centrifugationacetate_ To assay chemoresponse ta®fthe control solution was

(We determingd that. t.his method of'stopp.ing the reaction is CONE mM NaCl in chemokinesis buffer and the test solution was 5 mM
parable tc.) rap!dly mixing the cells with amd.) The pellet was therNH40I in chemokinesis buffer. In the T-mazes, solutions in the arms
homogenized in 10 mM EDTA buffer; two aliquots were taken foryt ie T.maze were matched for pH and salts and only one pair of

protein assays (Pierce Assay using bovine serum albumin AD. diff h fthe T-
standard). 1 ml was boiled for 4 minutes, and centrifuged at 1@,000%21?:'9' Clvs acetate (OA, differed between the arms of the

for 2 minutes. 5@ duplicate aliquots of the supernatant were assaye
by the Amersham RIA assay kit adH-cyclic AMP counts were
determined in 3 ml Ready Protein scintillation fluid in a Beckman
2000 scintillation counter. RESULTS
For time points at 1 second to 30 seconds, cells were not pelleted ) o )
and transferred but rather were mixed with either more control buffdk-glutamate stimulation increases intracellular
or stimulus buffer, and rapidly stopped by addition of trichloraceticcyclic AMP
acid (TCA) to the cells (6% final concentration). Cells were thence|ls stimulated by 5 mM K-L-glutamate show, in relatively
vortexed for 1 minute after protein samples were removed. Cell debrigow time courses beginning at 30 seconds, increases in cyclic
was removed by centrifugation at 3@@or 1 minute and the super- A'I\AP that decline over time in the stimulu’s, while cells in

natant was neutralized by washing with water-saturated ether sever% trol solutio ith 5 mM KCI maintain a steady b | level
times until a neutral pH was achieved. Alternatively, the mixture wa ntrol soiutions wi aintai Steady basal leve

neutralized by the addition of concentrated 1.5 M KOH and 60 mMf €yclic AMP (Fig. 1). It has long been known that cells hyper-
Hepes buffer to pH 7.0 and centrifuged to remove debris. Duplicatdolarized by changing extracellular cations will increBaea-

50 ul aliquots of the aqueous layer were assayed by the Amershafeciumintracellular cyclic AMP (Bonini et al., 1986; Schultz
RIA kit. et al.,, 1984; Majima et al., 1986; Pech, 1995; Schultz and



Glutamate chemoresponse 2569

25 . B | T 0 A [£3
30 G e oy |
S8 mMKCSmV KO = * k= ‘ *
20" O SmMEKCLSmM Klu 5 ] = ol
D oM KCH10mM KCI 2 - g |
= 4 18mM KCl-1mM KC1 g : s . T
= a 10 LT [
E s - = : = -
RN s : L1/
[} | ;
5 s s B é "y = 2 5§ ©
g of : P :o:o¢ I
= T3 B = g 2 ¢ 2 5
3 e 2 ¥ g = 28 5 3
e - 1 o 5 5 2
5 5 n
o] e ‘I
4] 25 5.0 T8 10.0 125 Cr &0 D
Time mis) o : — _ ' R S
. ' . . £ 2 40 * -
Fig. 1. Time-course measurements of CAMP. Cells were incubated it & - B * <
5 mM KCl in basic buffer (see Materials and Methods) and e g %0~ '
transferred to®) 5 mM K-L-glutamate, or to{]) 5 mM KCI for =
control in basic buffer. Cells were also incubated in 10 mM KCI in %

basic buffer and transferred tbY 1 mM KCI (hyperpolarization
control) or 10 mM KCl in basic buffefY). Samples were then taken
for cyclic AMP analysis at 30 seconds to 10 minutes. Data are
averages of three experiments in duplicate + s.e.m.
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Klumpp, 1993). In Fig. 1 there is shown a hyperpolarizatior
control, in which cells are transferred from 10 mM KCl to 1 _ )
mM KCI. The cells transferred from 10 mM KCl to 10 mM Fig. 2.Cyclic AMP measurements of cells at 30 seconds after

KCl serve as the control. The hyperpolarization by manipul stimulation. Glutamate and IMP were tested for their effects on

. . . . - : 3htracellular CAMP. In A-D, labels below bars indicate the solutions
tion of K concentrations results in an increase in cyclic AMPByom \hich and to which cells were transferred or mixed. For

that is in agreement with published observations (Bonini et alexample, cells in 10 mM KCI buffer transferred to 1 mM KCl buffer

5.5 K005 KQA-GKS -

1986; Schultz et al., 1984). are indicated 10 KCI-1 KCI. (A) Cells were incubated in 10 mM KClI
o . . ) in basic buffer and transferred to 10 mM KClI, basic buffer alone

Other stimuli do not increase intracellular cyclic (hyperpolarization control); cells were incubated in 5 mM KCl in

AMP basic buffer and transferred to 5 mM KCI or 5 K-L-glutamate. Data

Using the slower kinetic protocols, cells treated with glutamatére averages of three experiments in duplicate + one s.d. Asterisks
or other stimuli for 30 seconds were assayed for intracelluldpdicate statistical significanc@40.05) using Studentistest.
cyclic AMP (Fig. 2). At these single time points, there is no B) Cells incubated in 5 mM KCI in basic buffer were transferred to

evidence of increases in cyclic AMP in K-acetate (relative tqg mm Egéﬁwrgr'\g E;;g‘grt;n(ﬁée's?nTAMNI;E:Olg?tE glﬁu%ﬁmed n

KCI control) or NHCI (relative to NaCl control) (Fig. 2B), gyperiments are averages of 3 experiments in duplicate + one s.d.
although there is a 2- to 3-fold increase in cCAMP in cells stim¢c) cells were incubated in 2 mM KCl in basic buffer amigedfor
ulated by glutamate (Fig. 2A). 1 minute with an equal volume of 2 mM KCI or with 20 mM KCI
Another stimulus, inosine monophosphate (IMP), decreas&gepolarization control) or with 1 mM#MP. The final
cyclic AMP by approximately 50% at 30 seconds (Fig. 2C)concentrations were 2 mM KCI, 11 mM KCI, and 0.5 mMMP +
IMP is a repellent that depolarizes the cells and displacelsmM KCI. Data are averages of 3 experiments in duplicate + one
approximate|y 60% (ﬁ]—'_glutamate blnd|ng to cells (Yang and s.d. (D) Cells incubated in 5.5 mM KCI in basic buffer were
Van Houten, 1993). L-glutamate inhibits IMP repulsion but nofransferred to 5.5 mM KCl, to 5.0 mM K-L-glutamate + 0.5 mM
vice versa (Yang and Van Houten, 1993). Depolarization b %g?ﬁ;&ﬁg t?c])w (:Ko'r(]%fc‘) |+ (:SeIrIT;'\CvIgril ifr?éugboafee(;:(i)nn?_;. Qiﬂ KCl and
high KCl 6‘.'0”6 also decre_asléaram_ecmrmychc AMP levels transferred to 1 mM KCI.’Asterisk indicates statistically significant
by approximately 50% (Fig. 2C), in agreement with 0bservagiterence from control. Data are averages of 3 experiments done in
tions from other laboratories (Bonini et al., 1986; Schultz efypjicate + one s.d. QA, quisqualate.
al., 1984; Majima et al., 1986). The increase in KCI in the
depolarization control would be expected to depolarize the
cells approximately 10 mV and IMP to depolarize cells
approximately 8-10 mV (unpublished results). L-glutamate stimulation increases intracellular
A glutamate agonist, quisqualate, increases cyclic AMP siceyclic AMP rapidly
nificantly (byt-test) (Fig. 2D). Quisqualate was tested becaustn the slow time-course experiments, cells were transferred in
it alone, among glutamate analogs testecdPhhglutamate a pellet to the stimulus or control solutions. In order to
binding assays, displaced glutamate and interfered witbtimulate and stop stimulation more rapidly, we turned to a
glutamate chemoresponse (Yang and Van Houten, 1993; Yangpid mixing and quenching protocol. The cells in this exper-
1995). imental design cannot be moved from pure control to pure
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stimulus solutions, because mixing of cells with stimulus Table 1. Effects of H7 and H8 on chemoresponse
solution is required. For example, in the experiment in Fig.
in which a pellet is moved from control solution to the same

T-maze results

(control) or stimulus solution, the control is 5 mM KC| Pretreatment K-OAc K-glutamate NS
(squares) and stimulus is 5 mM K-L-glutamate (diamonds). IBuffer 0.75+0.09 0.68+0.11

Fig. 3, cells are in control solution 10 mM KCl and are mixecgsff 0.77+0.13 00'751?%06179* 0.76£0.06
1:1 with more 10 mM KCI or with 10 mM K-L-glutamate, in H; er 0.4340 13* 0.8140.04
the latter to achieve a 5 mM L-glutamate with hchanging  guffer 0.74+0.10 0.76+0.08 nd
at 10 mM. In Figs 1 and 3, the cells are stimulated with thei7 0.70+0.14 0.57+0.21* nd

same concentration of glutamate, but in different ionic back-

gl’OL_mdS. Also, t.he hyperpolar|zat|on control in Fig. 1 ISmaze or in H7 or H8 in the same buffer for 15-25 minutes and tested in T-
achieved by moving cells from 10 mM KCI to 1 mM KCI. In 14765 nd, not determined.

Fig. 3, cells experience a dilution by mixing from 10 mM KCI  T-maze results of tests of 5 mM K-OAc or 5 mM K-L-glutamate vs 5 mM
to 5 mM KCI because this is the limit of concentration chang&cl, and 5 mM NHCI vs 5 mM NaCl.

that can be achieved by mixing 1:1. and thus the degree ofData are averages of 6-12 T-mazes + one s.d. (representing at least 3
= opulations of cells). Asterisk indicates statistically significant differences

hyperpolanzanon IS not as great_|r_1 Fig. 3 as in Fig. 1. ThI_S I%om controls (buffer pretreatment) by the Mann-Whitney U test.
a necessary consequence of mixing as opposed to moving-a

pellet of cells to a new solution to begin a time course.

Regardless of the difference between the two experimentéiom that in Fig. 1. Cells are incubated in 10 mM KCI control
paradigms for Fig. 1 and Fig. 3, the experimental results caand mixed with buffer devoid of KCI to achieve 5 mM KCI.
be compared because the levels of cAMP in cells in control 18yclic AMP appears to increase by 30 mseconds and
mM KCI are similar in both experimental situations. Addi- continues to increase from that time, but more slowly than for
tionally, it is evident in both Figs that cAMP levels increase irthe L-glutamate treated cells. Nonetheless, there is an
cells stimulated with glutamate or hyperpolarized by loweringncrease in cyclic AMP by hyperpolarization by lowering K
KCI. The absolute levels of elevated cAMP differ between Figglone. The 10 mM KCI control serves as control for both the
1 and 3, in part because in Fig. 1 we are witnessing only tHéyperpolarization in 5 mM KCI and in the stimulus 5 mM L-
declining phase of the cAMP stimulation and in part becausglutamate.
the background ionic conditions are different as described Lo o .
above. Protein kinase inhibitors specifically affect

Fig. 3 demonstrates that cells show increases in cyclic AMBhemoresponse to L-glutamate
by 30 mseconds in glutamate, and a peak increase by 200e rapid kinetic results imply that cyclic AMP can, indeed,
mseconds. The levels in intracellular cyclic AMP decline afteparticipate in stimulus transduction of L-glutamate. To
this time although the cells remain in L-glutamate. further probe the role of cyclic AMP in signal transduction,

As discussed, the hyperpolarization control in Fig. 3 differsve treated cells with protein kinase inhibitors that are known

to affect protein kinase A in addition to other kinases
(Hidaka et al., 1984)Paramecium tetraurelishas been

200 : : — shown to have protein kinase A (Hochstrasser and Nelson,

/,_/"\ ¢ mMECH 1989) and there is the distinct possibility that this enzyme

Cells were incubated in control chemokinesis buffer appropriate for the T-

¥ OSmMEC - participates in chemosensory signal transduction. Therefore,
O SmMK-Gla. cells treated with H8 and H7 were tested for chemoresponse
| to L-glutamate and two stimuli, acetate and49H that did
— not appear to affect cyclic AMP levels. Cells treated with H8
"“‘H# or H7 are selectively defective in attraction to L-glutamate

w
=3

and appear to be normally attracted to K-OAc andiGIH
(Table 1).

P

]

cAMP (pmoles/mg}
8
T

3

. . 1 Cyclic GMP is not affected by L-glutamate
_,_—————% = I Cells stimulated with L-glutamate do not statistically signifi-
) J cantly change intracellular cyclic GMP levels (Table 2). Depo-
%0 100 e " e larization with BaCl increases cyclic GMP (Table 2), as
Time (msec) expected from and consistent with the results of others (Bonini

et al., 1986; Majima et al., 1986; Pech, 1995; Schultz and
Fig. 3.Rapid kinetic measurements of cAMP. Cells incubated in  Klumpp, 1993; Schultz et al., 1986; Schultz and Schade, 1989).
basic buffer with 10 mM KCI (see Materials and Methods) were  |MP, which depolarizes the cells, might be expected likewise
rapidly mixed with equal volume of either basic buffer or test to increase intracellular cyclic GMP. In rapid kinetic measure-
f’noclﬂgg?ezr}g ;ﬁ!lerﬁaiénwﬁtﬁqgfﬁﬂsgé%i'geollosri?fé?b%%ﬁ??fo ments, or slower time courses, IMP increases intracellular
mM KCI and mixed with 10 mM K-L-glutamatey() cells incubated cyclic G,MP only slightly, but stanspcally significantly (by the
in 10 mM KCl and mixed with basic buffer alone. Final Student'st-test). We found no evidence that acetate affects
concentrations in the mixing chambers we$ {0 mM KCI; ) 10 ~ ¢GMP at 30 and 100 mseconds (20.5 and 19.0 pmoles cyclic
mM K+, 5 mM L-glutamate, 5 mM GI(V) 5 mM KClI GMP/mg protein, compare to Table 2 KCI controls at 30 and

hyperpolarization control. 100 mseconds).
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Table 2. Cyclic GMP (pmoles/mg protein)

Control Stimulus 100 mseconds 1 second 5 seconds 10 seconds
(Y
KCI KCI 15.7£0.7 19.8+0.3 18.2+1.7
KCI K-Glutamate 20.1+0.3 18.2+2.7 18.2+1.8
(B)
KCI KCI 21.2+2.0 21.5+1.0 23.4+0.8 28.6+0.4
KCI K2IMP 39.0+0.8 36.4+1.8* 40.7+1.9* 28.7+0.7
©
Buffer Buffer 14.9+3.5 14.4+1.8 14.4+1.7
Buffer BaCb 36.7+6.2 45.6+9.6 64.7+9.3

(A) Cells in 10 mM KCI are mixed 1:1 with more 10 mM KCI or with 10 mM K-glutamate. Data are averages of 4 experimentsateduplie s.e.m.

(B) Cells in 2 mM KCI are mixed with more 2 mM KCI or with 1 mMIKIP yielding a stimulus solution of 0.5 mMxKMP + 2 mM K* + 1 mM CF. Data at
1 and 5 seconds are averages of 4 experiments in duplicate + s.e.m.; at 100 mseconds and 10 seconds, data are averagestsfr2 dxpicate + range.
The data at 1 and 5 seconds show a significant difference between cyclic GMP levels in test and cbtest).(by

(C) Cells in basic buffer (see Materials and Methods) are mixed with more buffer or 6 mpt®@gi€ld a stimulus solution of 3 mM BafData are
averages of 2 experiments in duplicate + range.

DISCUSSION rapid, robust and reproducible implying a possible role for
cyclic AMP in the signal transduction pathway. To probe this
In the experiments shown above we have demonstrated that fdea in preliminary experiments, inhibitors of kinases were used
stimulus L-glutamate rapidly increases intracellular levels ofo treat cells before assays of chemoresponse behavior.
cyclic AMP. The positive control for increasing cyclic AMP is Responses to L-glutamate were specifically inhibited compared
a hyperpolarization brought about by reducing extracellulato responses to K-acetate and 4H While it is understood
KCI and this control in our hands reliably induces an increasthat inhibitors such as H7 and H8 will have non-specific effects
in intracellular cyclic AMP, as expected from previous work inor effects on kinases other than protein kinase A, it is note-
other laboratories (Bonini et al., 1986; Schultz et al., 1984yworthy that the effects of these inhibitors seem to be stimulus-
Pech, 1995; Schultz and Klumpp, 1993). specific forParameciunchemoresponse. If there were general
Other than glutamate, stimuli that hyperpolarize the cellseffects on ciliary motility, one might expect that all of the
such as K-acetate and NEI, do not increase cyclic AMP. While stimuli would be affected instead of only L-glutamate.
we have not done the extensive time courses at short stimulationThe coupling between putative L-glutamate binding sites
times that we have done for glutamate, none of our studies 6fang and Van Houten, 1993) and adenylyl cyclase or phos-
acetate and NiCl have ever shown any change in cyclic phodiesterase is not known at this time. One scenario is that
nucleotide level. Therefore, these stimuli either cause a motbe coupling of the glutamate receptor to the adenylyl cyclase
transient (<30 seconds) change in cyclic nucleotide levels thas through the hyperpolarization. The cyclic AMP second
glutamate or they cause no change at all. Either result is venyessenger would then have effects on axonemal function and
distinct from the results with glutamate, yet all of these stimuliciliary motility through the activity of specific kinases (see
in the concentrations used in these studies, hyperpolarize tRech, 1995, for a review). The adenylyl cyclasBavbmecium
cells to approximately the same extent (approx. 8-10 mV) antraureliais thought to be responsive to membrane potential
sustain this hyperpolarization. Thus, it is interesting that not alind perhaps is an ion channel itself (Schultz et al., 1992).
hyperpolarizations are interpreted by the cells in the same way. The scenario above does not explain the failure of some
Some seem to be associated with activation of the adenylghemical stimuli that are known to hyperpolarize to increase
cyclase (or inhibition of phosphodiesterase) while others are natyclic AMP levels. Clearly these hyperpolarizations are not
Depolarization by BaGlor IMP increase cyclic GMP on a sensed by the adenylyl cyclase (or phosphodiesterase) or the
different time course from the stimulus-induced increases inrder of events in the scenario is wrong. Perhaps the glutamate
cyclic AMP (Fig. 3; Table 2). L-glutamate does not affect cyclicreceptor couples to an adenylyl cyclase and intracellular cyclic
GMP levels (Table 2). However, IMP, which depolarizes thenucleotides directly gate an ion channel, for which there is no
cells, does decrease cyclic AMP approximately 50%, similar tevidence yet irParamecium There are reports of vertebrate
the effects of the depolarization control, and only slightlymetabotropic L-glutamate receptors coupled to adenylyl
increases cyclic GMP. IMP may decrease adenylyl cyclaseyclase, presumably through G proteins that activate the cyclase
activity indirectly by depolarization or by coupling of a (Winder and Conn, 1992; Winder and Conn, 1993). However,
glutamate/IMP receptor to the cyclase. These experiments do ribere is scant evidence for trimeric G proteinfamamecium
enlighten us about the mechanism, but do imply that there isa this time (Forney and Rodkey, 1992; Fraga and Hinrichsen,
basal level of adenylyl cyclase activity that is stimulated byl994). Alternatively, cyclic AMP could change membrane
glutamate and decreased by IMP. Glutamate appears to have tpaiential indirectly through the activation of protein kinase A
specific binding sites, one of which is displaced by IMP (Yangnd its action on a substrate such as a channel or ion pump.
and Van Houten, 1993). The relationship between the binding Cyclic nucleotides have been found to influence ciliary
sites to the adenylyl cyclase effects remains to be demonstratégating patterns iffarameciumand the levels of the cyclic
The effects of L-glutamate on intracellular cyclic AMP arenucleotides have been shown to be related to membrane
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potential changes (reviewed by Pech, 1995). In general hypenachemer, H. (1989). Cellular behavior modulated by ions:
polarization (for example by lowering KCI), increased intra- electrophysiological implicationd. Protozool36, 463-487. _
cellular cAMP levels and increased ciliary beating frequenc/@ima, T., Hamasaki, T. and Arai, T. (1986). Increase in cellular cyclic
are all correlated. Depolarization (for example achieved by S;\f:m'ee‘éiedr% pg;ﬁ;'”;;;;g‘égaggggqg its relation to ciliary orientation in
Increasing _KCI or BE}Q)’ decreased cAMP, increased CGMP_Nakanishi, S. (1992). Molecular diversity of glutamate receptors and
and slow ciliary beating are also correlated. However, there iSimplications for brain functiorScience258, 597-603.
no consensus as yet for the cause and effect order for the cydligkaoka, Y. and Machemer, H.(1990). Effects of cyclic nucleotides and
nucleotide levels and membrane potentia| Changes, but botHn;rac_e:Iular Ca on voltage-activated ciliary beatin§amameciumJ. Comp.
contribute to ciliary beat pattern (see Pech, 1995). The intef- Physiol.166 401-406. . . .
esting aspect for the study of chemical stimuli is the'imperfec%efg’,wlgl(clggfg_‘ ;ggﬁﬁ?gﬁ;;g:i%@f}g? iParameciumby CAMP and
correlation that we have found between hyperpolarization byreston, R. R. and Usherwood, P. N. R(1988). L-glutamate-induced
chemical stimuli and elevation of intracellular cAMP. membrane hyperpolarization and behavioral responseBaiamecium

In summary, there appear to be at least three pathways fotetraurelia J. Comp. Physiol. A58 345-351.
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not include cyclic AMP as a second messenger, at least not ORjivo. FERS Lett167, 113-116.
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The cyclic nucleotide levels rise rapidly enough after glutamate Parameciuniinked to intracellular increase in cyclic GM¥ature322, 271-
stimulation to be part of the signal transduction pathway. Studiesézhﬁ’t-z 3. E. and Schade, U(1989). Calcium channel activation and
with mhlbltors Of. protein kmasgs tha.‘t mcIut;Je' those.snmu'ateé inactivation in Paramecium biochemically measured by cyclic GMP
by cyclic nucleotides support this notion. This is the first demon- proguction.J. Membr. Biol109, 259-267.
stration of a cyclic nucleotide second messenger resulting frogthultz, J. E., Klumpp, S., Benz, R., Schirhoff-Goeters, W. J. Ch. and
a receptor-mediated signal transductiofPamamecium Schmid, A.(1992). Regulation of adenylyl cyclase frétarameciunby an
intrinsic potassium conductan&cience255 600-603.
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