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SUMMARY. The Nat /Ht antiport of rat thymlc lymphaq&s is activated when protein 
ktnase C Is stimulated by phorbol asters. A similar activation of tha anttport Is obtained whan the 
calls m treated with hypertonic solutions. We t&ad tha possibility that protein kinase C also 
mediates the osmotic activation of Na*/H* exchange. Protein kinase C was depleted by 
prelncubatton of thymocytas for 24 hr In the presana? of high concentrations of phorbol ester. 
Disappearance of the enzyme was a%essed by direct measurement of phosphotrmsferase activity, 
and by the I@s of biological responses to phorbol esters. The Nat/H* antiport in protein kin&se 
C-depleted calls was not stimulated by addition of phorbol astar, but raqmndsd normally to 
hypertonic treatment. The results indicate that the osmotic activation of countertrmsport does not 
rtqulre stlmulatlon of proteln klnass C. 0 1986 Academic Press, Inc. 

An amlloride-sensitive, e1ectroneutral Nat/H* exchanger has been detected in the plasma 

membranes of most mammaltan cell types (see I and 2 for revlew). Thls antiport is thou&t to be 

essential for pHt* regulation (3), and trmsapithallal ion transport (4) and may play a role in the 

initietion of mitogenesis (5). 

In resting lymphocytes the antiport is nearly g&scant at physiological pHi, but beames 

activated by a&fition of tumor-promotlng phorbol astars (6). The primary targat for phorbol 

esters, which we structural analogs of dtacylglycerol, Is the Ca2* - and phospholipld-dependmt 

protein kinasa C ( 7,8). Several lines of evidsnce suggest that in lymphocytes the actlvatim of 

Na+/H+ exchangs by phorbol esters is mediated by stlmulatlon of protetn kinase C a) the 

concentrations of TPA regulred for activation of countertransport are similar to those reported to 

activate the kinase; b) only those phorbol derivatives that ax&rate kin&se activity have an effect 

on Na+/H+ exchange (6) md c) the antlport is also stlmulabxt by diacylglycerol(9), the putative 

physiological activator of protein klnasa C. 

Inerythrocytes(10,1I)andeplthellalcells(12).eswellesInF/mphocyles(9,13),t~ 

Nat /Ht antiport can also be stimulated at normal pHi Ly osmotic cell shrinking, In this instance, 

WBREVIATIONS: pHt: cytoplasmlc pH; TPA: l2-0-tetr&canoylphorbol 13,xetate; BCECF: 2’,7 
bis(cerboxyethyl)-5,6 carboxyfluorescein. 
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Nat /Ht exchangs appears to play a role in volume regulation by inducing reswelling of shrunken 

cells ( 1 I ). The osmottc activattm of the antiport begs a remarkable resemblmce to that praknxd 

bv phorbol esters: both respormes ere attributeble to en alkaline shift in the pHt @endsnm of 

transport (9,131. Moreaver, both are blocked by &pletim of ATP or by addition of triflwperazine 

or N-ethylmaleimide t 13). These similarities led to the suggestion that the osmotic activation of 

the antiport might also be due to activation of protein phospharyldim, perheps m&ted ty protein 

kinaseC(13). 

It was recently reported that prolongtxl incubatlm of flbmblasts with phorbol esters causes 8 

decrease in the number of phtrbol ester-binding sites ( 14) end in the activity of pmtein kinese C 

( IS). Further, the cells bccae unresponsive to the btoiogical affects normally elicited by 

phorbol esters In untreated cells ( 16). These protein kinase C-depleted cells provide a useful 

model to test the involvement of this enzyme in the osmotic activation of Nat /Ht exchange. 

Disappearance of the osmotic reqonse along with the kinase would be indicetive of a mle of this 

enzyme in cell volume fqulatim. We here report that down-regulation of protein kinase C by 

phorbol esters can also be induced in rat thymic lymphooytes, md thet the antiport in 

klnase-depleted cells fails to respond to actlvatlm by TPA. In contrast, the osmotic actlvatim 

persists in these cells. 

MATERiAlS AND METHOOS 
Meterlab Htstone type Ill-S, TPA and phosphatldylserlne wereobtalned frtxn 

Sigma Chsmicel 00. N-methyl-D-glucamine was from Aldrtch. Medium RPtll 1640 
(HCO3--free), and 100X amcentratedmtibiotic-antimycotic mixture were from BiBcO, 

[gamma-32PI-ATP was from ICN BCECF ac&xymethylester was purchased from Molecular 
Probes. Amllorlde was ths kind gift of Merck Fro& Canada Net -solutlm contained (in mtl): 140 
N&l, 1 KCl, I MgCl2, 1 CaCl2, 10glucosemd20Hepes(pH 7.3). Nat-freesolutimcontained 

140 mM N-methyl-D-glucamine chloride instead of N&l, but was otherwise identical. 
T-letho& Thymocytes were is&tad from male Wtstar rats ( 1 SO- 200 g) , aunted and 

maintained in Hepes-bufferad RPM1 1640 as previously dasaibad (9,131. For overni(lht 
incubations, the medium was supplemented with 100 U/ml penicillin, 100 ug/ml streptomycin 
and 0.25 ug/ml fungizone. 

For pHt maesutwwnts the C&S were sedimented, resuspended at 40 x 1 06/m1 md lc&d 

with BCECF by Incubatim with the parent acetoxymethylester (2-3 pg/ml) la 30 min at 37oc. 
pHt wee determined fluorimetrically at 37% using a Perkin-Elmer 650-40 spectroflwrimeter 

and calibrated with nigericin KC1 as described (9,131. 
For pmteln kinasa C activity determinations, the cells were sedimented, washed and lysed by 

resuspenslm In a medium containing 0. I mfl EDTA, 1 mM EBTA, 0.5% Trlton X- 100,O.S mil 
phenylmethylsulfonylflucri~, IO mM mercaptmthenol and 20 mfl Tris.HCl, pH7.5. The 
suspensim wea homogenized by 20 strokes in a Damce-type homogenizer, and then cantrifu@ at 
4% for 30 mln at 48,000 x g The supernatant was fractianatad with (NH412 So, as described by 
Niedel et al ( 17). The fraction precipttatad between 33% and 70X saturatlm, which cmtalns all 
the protein kinaee C in the extract ( IS, I 71, was mat I -3 mg protein/ml in 8 medium 
conteining 0. I mM EDTA, 50 mM mercqtc@thmol, 1 mM EOTA, 25X glywrol and 20 mtl TrisHCl, 
pH 7.5. The fracttmattm step serves to arncentrate the kinasemd to eliminate low molecular 
weight effectore present in the crude extract ( IS, 17). Far aanperison, in some experiments the 
unfractictneted extract was used dtrectly for kinme activity measurements. 

Pr?& 
n kim C divity wtn &termtsd try msasuriq urd inmrporalim of 32Pi from 

[gemma- PI-ATP into histonetype Ill-S. The- wereperformedfor 3 mlnat3O%usiq 
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5-20 ugy2otein in a total volume of 250 pl of medtum contatning 0.5- 1 .O uC1 
[gamma- PI-ATP, t 00 ptl ATP, 20 mM maytesium acetate, t mM CsCT2.50 ug historm ad 20 

mM TrisHCl, pH 7.5. The determinations were perfcrmed in triplicate in the presence and 
absence of TPA ( 1 OV7M, final) and phcsphatid&erins (24 pg per assay), to define the protein 
kinase C-m&&d phcsphorylation. The reacttm was terminated by additlm of 1 ml of ice-cold 
25I trichloroecetic acid The pracipitatad histme was then separated by filtration m 0.45 pm HA 
Mfllipore filters, folknved by four washes, each with 3 ml of 5% trichloroacetic acid The filters 
were counted by liquid scinttllatlm. 

RESULTS AND DISCUSSION 

Table I summarizes measurements of protein (histone) kinsse activity in extracts obtained 

fromcellsincubatedfor24hrinthepresenceandabsenceof2x 10m7M TPA. Thecellswere 

extrscted with Triton X- 100 and fractionated with (NH412 SO4 as described bv Nledel et al ( 17) 

end Rodriguez-PeRa and Romgurt ( 151, to remove phcepholipicls md soiubie effecters. The 

BSS[YS wers performed in the presence and ebsence of phcephatidylserine and TPA, to define the 

fraction of the kirmse rztivity attributable to protetn kineee C. In control cells, protein klnase C 

accounts for approximately 40% of the total phosphotrmsfsrese activity. In contrast, mty a very 

small, statistically insignificant fractim of the activity is due to protein kinase C in TPA-treated 

cells. This reducttm is not due to carryover of TPA end/or phospholipid by the TPA-treetedcells, 

since the basal activity ( -PL in Table t ) is not increased. Moreover, the total phosphotransferese 

rctivfty ( +PL in Table 1) is deceased in the treated cells, consistent with diseppeaance of protein 

kinase C activity. Qualitatively similar results were obtained when the unfraction&f Triton 

X- 100 extract was used for the assw+s, indiceting that the TPA-induced &crease in activity is not 

artlfactualh/ generated by the frectlonatim procedure. These data resemble those reported fcr 3T3 

cells ( 15) endere amsistent with functional down-regulation of protein kinase C upon prolongsd 

incubation with phcrbol esters. 

Table 1 

Determinetimd protelnkin@seCactivityin amtroldTPA-trdsdcslls 

-PL 
(pmo132P~mqLn/mgpro!eln)APL 

cilntrol 880t 124 1403t 120 523 

TPA-tredsd 657t118 714t265 57 

Ttyna@es(20~106/ml) 
F 

efncubdedfor24hra3~in~-bufferedmadiumRPMl 
1640wiU1wwltha~t2x10- MTPA Altsrwsshlng,thecsllswerelyssdInTrltonX-100ands 
prolelnkinsseGr~fractim~isolded~~NH4)2SOqfract~ianas~ibed(15;see 

MethorN). Protein ktnwe wes mamurat for 3 min et 3oeC in ths pressnca ( +PL) or dsencu 
(-PL) ofphas~hstidylssrineand TPA apdnscribedunder Msthadn ~PLrderstothe 
phosghsQi~lserineandTPA-inducedklnaseactivity,I.a~inkinaseC. Theddswemecmst SE 
ofslxd&ermlnetions 

10 
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Further 8vid8nc8 for the disappearance of function8l protein kinma C ~8s obtainad by 

meesuring the effects of TPA m l&*/H+ cumtertr8nsport. The activity of the mtiport ~8s 

Assessed by measuring pHt , since ectivetim h8s been reported to result in cytopla~mic 

8lk8liniZ8M (6,9). As shown in Fig I , cells incubeted in the absence of TPA for 24 hr respond to 

theaddition of the phorbol ester with 8lk8liniZ8tim (top trace, Fig IA), 8s has been reported for 

freshly isolated cells (6). Th8t this dk8linizatim is dw to stimulstim of the Nat/H* mtipart is 

evid8nced by its requiremmt for 8xt8rn8l N8+ (the respond is absent in N-methyl-D-glaamine+ 

solutim; bottmn trace, Fig 1A) md by its sensitivity toamiloride, en inhibitor of the antiport 

(middle trace, Fig iA). 

The pHf of TPA- traeted cells ~88 typically * 0. I units low@ than thnl of untre8ted controls 

(in three preparations pHi 8veqed 7.11 f 0.03 [SEMI in control cells and 6.98 f 0.05 in 

pharbol ester-treated cells). This indic8te8 that the TPA-induced alkalinizstim did not persist 

efter 24 hr. This could be 8WibUt8d to w8shout of the phorbol 8&r during the BCECF- io8ding and 

reapert8im procedures, or alt8rn8tively to dis8ppeerance of function81 protein kin8se C. That 

the latter explanstim is likely correct is indicstad by the experiment shown in Fig IC. Addition to 

the chronically phorbol ester- treated cells of I Om7 M TPA, 8 arncentratim that produces III8Xim8i 

stimulation in control cells (61, f8iled to elicit 8 cytop18smic 8lk8lini7atim. An alk8liniiatim 

PHI 

Fig I. Elf&s of TPA cmd hypertonicity m piii in control and protein kinss C-dcpiebd rat 
thymlch/mphon/tes. T 

9 
ocqtes were pf8incubobi far 24 hr at 37% in the presence (C-D) or 

abaenm(A-B)ofZx IO- M TPA. Thewiiswerethen~,rasuspendedadlaadedwithBCECF 
by incubetion with the parant 8wtoxymethyiester. After meackiitlmel w8sh md resqmneim. the 
calls were usui for pHi dstaminstim asdmribsd u&r Mathat~ A) Cmtrol culls wav sqmdal 

in either Ne+-medium, with or without 
medium (NM@ 1. Where India&d, 3 

00 pII allaride, or in N-methyl-D-giucunlne+ 
IO- M TPA (finei) wue added to the cuvette; B) Wtrol cells 

weresuspended in Nat OT N-methyl-D-glumnine+ media (&tonic). Where indicated, the medte 
were! mab hypertonic ( 450 f  5 modI) by addltim of 8 small voiums of amcmtrated NaCi or 
N-methyl-D-giutxninechlcride, respectivety. Simils r8sultswareabt&wd when 
N-me&G-D-gltxuninechla’itbwesusadtomake theNa+-medium hypertonk(mtshown;sea 
ref. 13); C) Ceils preincubatal for 24 hr with TP 
ape&d in Na+-medium. Where indicated, IO- # 

prkr to BCECF loading and ding wara 
M TPAwasadded Finally, thesoiutim was 

mate hypedanic try alditton of camWr8W WI; 0) Cells preina~beted in TPA for 24 hr were 
suspended in Nat-medium with or without 200 pM amiloride or in N-methyl-D-giucunirw’ 
medium. Wtwre indiated. the solutions were mwb hypertmic with tha approprlats solute as 
above. The traxw a% repwmbtiw of three ssparsts experiments. The time SEsle applies to&D. 
Tempw%turez 37%: 

11 
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could be induced in these cells byosmoticshrinking (Fig 1C; s~8 discussion below), indicating thet 

theentlport remains functlmel end responsive to stlmulatlon followingecklitlon of the phorbol 

ester. Thus, this biological effect of the phorbol ester receptor(s) disappears concomitmtly with 

the dzcrmse in protein kinese C activity. 

As shown in Fig 16, increasing the osmolarity of the medium from 290 f 5 mc6M to 450 f 

5 mosfl by addition of NeCl resulted in ectivetion of the entiport in untm cells. As reported for 

fresh cells ( 131, the resulting alkelinizetirm is eliminated when extracellular Nat is replaced by 

N-methyl-D-glucmnine* (Fig lB)cr byadditienofemiloride(not illustrated), indictsting 

stimulation of Nat/H+ countertrmsport. A distinct alkelinization wee also observed when cells 

chronically treeted with TPA were challenged osmotically (Fig ID). The elkalinizetim was 

similerly Ne+-&pendent mdamiloride-sensitive (Fig ID, middleend bottom tracas), indicating 

activation of the Nat/H* mtiport. The magrituds of the osmotic respmse wes simils in untreuted 

(apHi= 0.26 kO.02 ) end in TPA-treetedcells (APHI = 0.20 f 0.03). 

The present results indicott! that the osmotic activation of the Na+/H+ exchanger am be 

accomplished in cells largely c&void of functional protein kinase C, ruling out 8 role of this enzyme 

In the stimulation of the antlport during volume regulation. This wncluslon is consistent wtth 

recent observations that migration ofqtoplasmic kinme C to the membrane, which is indicative of 

activation of this enzyme ( 18). was obtained when the cells were tre&d with TPA but not with 

hypertonic solutions (Orinstein et al, submitted for publication). Moreover. osmotic shrinking did 

not &crease the cellular content of phosphati~linosito14,5 bisphosphate or increase the levels of 

inositol trisphosphate, indicating thet phospholipase C does not liberate diecylglycerol from 

phosphoinositidesun&r thesecanditions. it mustbeconc1t&ithatatle&twodistiti 

mechenisms cm activete the Net/H+ mtiport in lymphocytes. phosphoryletim of the exchanger or 
an wcillary protein by protein kinsse C, and an unidentified prcoess triqpered by osmotic cell 

shrinking, which neither stimulates phospholipase C activity nor requires the presence of 

functional protein klneseC. The two pathways must shere the final step, inasmuch BS the phorbol 

ester- end osmotically-inducsd responses are not additive (9). This amclusim resembles that 

obtained for the growth factor-induced stimulation of the antiport, which also eppears to be 

unrelated to protein kinase C ( 16). 
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