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SUMMARY. TheNa*/H* entiport of rat thymic lymphocytes is activeted when protein
kinase G is stimulated by phorbol esters. A similar activation of the antiport is obtained when the
cells ere treated with hypertonic solutions. We tested the possibility that protein kinase C also
mediates the asmotic activation of Na¥/H* exchange. Protein kinase C was depleted by
preincubation of thymacytes for 24 hr in the presence of high concentrations of phorbol ester.
Disappesrance of the enzyme was assessed by direct meesurement of phosphotransferase activity,
and by the loss of biological responses to phorbol esters. The Na* /H* antiport in protein kinese
C-depleted cells was not stimulated by addition of phorbol ester, but responded normally to
hypertonic treatment. The results indicate that the osmotic activation of countertransport does not
require stimulation of protein kinase C.  © 1986 academic Press, Inc.

An amiloride-sensitive, electroneutral Na* /H* exchenger has been detected in the plasma
membranes of most mammalian cell types (see | and 2 for review). This antiport is thought to be
essential for pHia regulation (3), and transepithelial ion transport (4) and may play 8 role in the
initiation of mitogenesis (5).

In resting lymphocytes the antiport is nearly quiescent at physiological pH;, but becomes
activated by addition of tumor -promoting phorbol esters (6). The primary target for phorbol
esters, which are structural analogs of diacylglycerol, is the Ca2* - and phospholipid-dependent
protein kinase C (7,8). Several lines of evidence suggest thet in lymphocytes the activation of
Na*/H™ exchange by phorbol esters is mediated by stimulation of protein kinase C: a) the
concentrations of TPA required for activation of countertransport ere similer to those reported to
activate the kinase; b) only thase phorbo! derivatives that accelerate kinase activity have an effect
on Na* /H* exchenge (6) and c) the antiport is also stimulated by diacylglycerol (9), the putative
physiological activator of protein kinsse C.

in erythrocytes ( 10,11) and epithelial cells { 12), as well as in lymphocytes (9,13), the
Na*7H* antiport con also be stimulated at normal pH; by osmotic cell shrinking. In this instance,

8ABBREVIATIONS: pHy: cytoplasmic pH; TPA: 12-0-tetradecanoylphorbol 13 ecetete; BCECF: 2.7
bis{ carbaxyethyl)-S,6 carbaxyfluorescein.
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Na* /H* exchange appear's to play a role in volume regulation by inducing reswelling of shrunken
cells (11). The osmotic activetion of the antiport beers a remarkable resemblance to thet produced
by phorbol esters: both responses ere sttributeble to an elkeline shift in the pH; dependencs of

transport (9,13). Moreover, both are blocked by depletion of ATP or by addition of trifluoperazine
or N-ethyimaleimide ( 13). These similarities led 1o the suggestion that the osmotic activation of

the antiport might also be due to activation of protein phosphorylation, perhaps mediated by protein
kinase C (13).

It was recently reported that prolonged incubation of fibroblasts with phorbol esters causes 8
decresse in the number of phorbol ester-binding sites ( 14) and in the activity of protein kinsse C
{15). Further, the cells become unresponsive to the biological effects normally elicited by
phorbol esters in untreated cells ( 16). These protein kinase C-depleted cells provide a useful
mode! to test the involvement of this enzyme in the osmotic activation of Ns* /H* axchange.
Disappearance of the osmotic response along with the kinase would be indicative of a role of this
enzyme in cell volume reguletion. We here report thet down-regulation of protein kinsse C by
phorbol esters can also be induced in rat thymic lymphocytes, and thet the entiport in
kinase-depleted cells fails to respond to activation by TPA. In contrast, the asmotic activation
persists in these cells.

MATERIALS AND METHOCS

Materials and solutions. Histone type Li1-S, TPA and phosphatidyliserine were obtained from
Sigma Chemical Co. N-methyl-D-glucamine was from Aldrich. Medium RPM! 1640
(HCO3 ™ -free), and 100X concentrated antibiotic-antimycotic mixture were from GIBCO.

{gamma- 32p]_ATP wes from ICN. BCECF acetoxymethylester was purchased from Molecular
Probes. Amiloride was the kind gift of Merck Frosst Canade. Na* -solution contatned ( in mM): 140
NaCl, 1 KCI, 1 MgCl,, 1 CeCly, 10 glucose end 20 Hepes (pH 7.3). No* -free solution contained

140 mM N-methyl-D-glucamine chloride instead of NaCl, but wes otherwise identical.
Methods, Thymocytes were isolated from male Wistar rats ( 150-200 g), counted and
maintained in Hepes-buffered RPM! 1640 as previousty described (9,13). For overnight
incubetions, the medium was supplemented with 100 U/m} penicitlin, 100 ug/m! streptomycin
and 0.25 pg/m] fungizone.
For pH; measurements the cells were sedimented, resuspended at 40 x | 08/m} and Toaded

with BCECF by incubation with the parent acetoxymethylester (2-3 ug/m1) for 30 min st 37°C.
pH; was determined fluorimetrically at 370 using & Perkin-Elmer 650-40 spectrofluorimeter

and calibrated with nigericin KC) as described (9,13).

For protein kinase C activity determinations, the cells were sedimented, washed and lysed by
resuspension in a medium containing 0.1 mM EDTA, 1 mM EGTA, 0.5% Triton X-100, 0.5 mM
phenylimethylsulfonyifluoride, 10 mM mercaptoethenol and 20 mM Tris.HCI, pH7.S. The
suspension was homogenized by 20 strokes in s Dounce-type homogenizer, and then centrifuged at
4¢ for 30 min at 48,000 x g. The supernatant was fractionated with (NH4) > S04 8s described by

Niedel et al ( 17). The fraction precipitated between 338 and 70 saturation, which contains atl
the protein kinase C in the extract { 15,17), was resuspended at 1-3 mg protein/m) in a medium
containing 0.1 mM EDTA, SO mM mercaptoethanol, 1 mM EGTA, 258 glycerol and 20 mM Tris.HCI,
pH 7.5. The fractionation step serves to concentrate the kinase and to eliminate low molecular
weight effectors present in the crude extrect (15,17). For comperison, in some experiments the
unfractionated extract was used directly for kinase ectivity measurements.

Protein kinase C activity was determined by measuring the incorporation of 32pi from
{gemma-2P]-ATP into histone type 11-S. The assays wers performed for 3 min at 30°C using

n
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5-20 ug grotein in a total volume of 250 w1 of medium containing 0.5-1.0 uCi
{gemma- 2P]-ATP, 100 uM ATP, 20 mM moagnesium acetate, 1 mM CaCly, S50 pg histone and 20

mM Tris.HCI, pH 7.5, The determinations were performed in triplicote in the presence and
absence of TPA ( 10™ M, final) and phosphatidyliserine (24 ug per assay), to define the protein
kinase C-mediated phosphorylation. The reaction was terminated by addition of 1 m1 of ice-cold
25% trichloroacetic acid. The precipitated histone was then separated by filtration on 0.45 pm HA
Millipore filters, fotlowad by four washes, each with 3 m1 of S8 trichloroacetic acid. The filters
were counted by liquid scintillation.

RESULTS AND DISCUSSION
Table | summarizes measurements of protein ( histone) kinase activity in extracts obtained
from cells incubated for 24 hr in the presence and absence of 2 x 1077 M TPA. Thecells were

extracted with Triton X- 100 and fractionated with (NH,4), S04 as described by Nledel et a1 ( 17)

and Rodr iguez-Pefia and Rozengurt ( 15), to remove phosphelipids and solubie effectors. The
assays were performed in the presence and absence of phasphatidylserine and TPA, to define the
fraction of the kinase activity attributable to protein kinsse C. In control cells, protein kinase C
accounts for approximately 402 of the total phosphotransferase activity. In contrast, only & very
small, statistically insignificant fraction of the activity is due to protein kinase C in TPA-1reated
cells. This reduction is not due to carryover of TPA and/or phospholipid by the TPA-treeted cells,
since the basal activity (~PL in Table 1) is not increesed. Moreover, the total phosphotransferase
activity ( +PL in Table 1) is decreased in the treated cells, consistent with dissppeerance of protein
kinsse C activity. Qualitetively similer results were obtained when the unfractionsted Triton

X- 100 extract was used for the assays, indicating that the TPA-induced decreese in activity is not
artifactually genersted by the fractionstion procedure. These data resembie those reported for 313
cells ( 15) and are consistent with functional down- regulation of protein kinase C upon prolonged
incubation with phorbol esters.

Table 1
Determinetion of protein kinase C activity in control and TPA-trested cells

-PL +PL aPL
(pmol 32p/min/mg protein)
Control 8801 124 1403 £ 120 523
TPA-treeted 657+ 118 714 ¢+ 265 57

Thymacytes (20 x 106/ml)_ylwe incubeted for 24 hr at 370C in Hepes-buffered medium RPMI
1640 with or without 2x 107 { M TPA. After washing, the cells were lysed in Triton X~ 100 and 8
protsin kinese C-rich fraction wes isoleted by (NH4)2 SO4 fractionetion as described ( 15; see

Methods). Protein kinese wos measured for 3 min at 309C in the presence ( +PL) or absence
(-PL) of phosphatidylserine and TPA as described under Methods. aPL refers lo the
phosphatidylserine and TPA~-induced kinase activity, 1.e. protein kinase C. The data are meens + SE
of six determinations.
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Further evidence for the disappesrance of functional protein kinase C was obtained by
messuring the effects of TPA on Na* /H* countertransport. The activity of the antiport was

assessed by meesuring pH;, since activation hes been reported to result in cytoplasmic

slkalinization (6,9). Asshown in Fig 1, cells incubated in the absence of TPA for 24 hr respond t0
the addition of the phorbol ester with alkalinization (top trace, Fig 1A), as has been reported for
freshly isolated cells (6). That this alkalinization is due to stimulation of the Na* /H* antiport is
evidenced by its requirement for external Na* (the response is absent in N-methy1-D-glucamine*
solution; bottom trace, Fig 1A) and by its sengitivity to amiloride, an inhibitor of the antiport
(middle trace, Fig 1A).

The pH; of TPA-treated cells was typically = 0.1 units lower then that of untreated controls

(in three preparations pH; averaged 7.11: 0.03 [SEM] in control cells and 6.98 1 0.05 in

phorbol ester-treated cells). This indicates thet the TPA-induced alkalinization did not persist
efter 24 hr. This could be attributed to washout of the phorbel ester during the BCECF - loading and
resuspension precedures, or alternatively to disappearance of functional protein kinese C. That
the latter explanation is likely correct is indicated by the experiment shown in Fig. 1C. Addition to
the chronically phorbol ester -trested cells of 1077 M TPA, s concentration that produces maximal
stimulation in control cells (6), failed to elicit & cytoplasmic alkalinization. An alkalinization
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Fig 1. Effectsof TPA and hypertonicity on pH; in control and protein kinase C-depleted rot

thymic lymphocytes. Thymocytes were preincubsted for 24 hr at 379C in the presence (C-D) or
shsence (A-B) of 2 x 10~ /M TPA. The cells were then washed, resuspendad and loaded with BCECF
by incubation with the parent acetoxymethylester. After one additional wash and resuspension, the
celis were used for pH; determination as described uider Methods. A) Control celis were suspended

in either Na* -medium, with or without 200 utM amiloride, or in N-methy1-D-glucemine*
medium (NMG*). Where indicsted, 10~ /M TPA (final) was added to the cuvette; B) Control cells
were suspended in Na* or N-methy)-D-glucamine* media ( isotonic). Where indicated, the media
were made hypertonic ( 450 + S mosM) by addition of a small volume of concentrated NaC or
N-methyl-D-glucamine chloride, respectively. Similer results were obtsined when
N-methy!-D-glucamine chloride was used to make the Na* - medium hypertonic (not shown; see
ref. 13); C) Cells preincubsted for 24 hr with TPA prior to BCECF loading and washing were
suspendad in Na* -medium. Where indicated, 10~/ M TPA was added. Finally, the solution was
made hypertonic by addition of concentrated NaCl; D) Cells preincubated in TPA for 24 hr were
suspendoad in Na* -medium with or without 200 M emiloride or in N-methy1-D-glucamine*
medium. Where indicated, the solutions were made hypertonic with the appropriste solute ss
sbove. The traces are representative of three separste experiments. The time scale applies toA-D.
Temperature: 37°C:
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could be induced in these cells by osmotic shrinking (Fig 1C; see discussion below), indicating that
the antiport remains functional and responsive 1o stimulation following addition of the phorbol
ester. Thus, this biolagical effect of the phorbol ester receptor(s) disappears concomitantly with
the decrease in protein kinase C activity.

As shown in Fig. 1B, increasing the osmolarity of the medium from 290 + S mosM to 450 +
5 masM by addition of NaCl resulted in activation of the antiport in untreeted cslis. As reported for
fresh cells ( 13), the resulting slkalinization fs eliminated when extracellular Na* is replaced by
N-methy1-D-glucamine* (Fig. 1B) or by addition of amiloride (not illustrated), indicating
stimulation of Na* /H* countertransport. A distinct alkalinizetion was also observed when colls
chronically treated with TPA were challenged osmotically (Fig. 1D). The alkalinization was
similarly Na* -dependent and amiloride-sensitive (Fig. 1D, middle and bottom traces), indicating
activetion of the Na* /H* antiport. The magnitude of the csmotic response was similer in untreeted
(apHy= 0.26 £0.02 ) and in TPA-treated cells ( apH; = 0.20 £ 0.03).

The present results indicale hat the osmotic activation of the Na* /H* exchanger can be
accomplished in cells largely devoid of functionel protein kinase C, ruling out a role of this enzyme
in the stimulation of the antiport during volume regulation. This conclusion is consistent with
recent observations that migration of cytoplasmic kinase C to the membrane, which is indicative of
activation of this enzyme ( 18), was oblained when the cells were treated with TPA but not with
hypertonic solutions (Grinstein et al, submitted for publication). Moreover, osmotic shrinking did
not decrease the cellular content of phosphatidylinasitol 4,5 bisphosphate or increass the levels of
inositol trisphesphate, indicating thet phospholipase C does not liberate diacylglycerol from
phosphainositides under these conditions. It must be concluded that at least two distinct
mechanisms cen activete the Na* /H* antiport in lymphocytes: phosphorylation of the exchanger or
an ancillary pratein by protein kinase C, and an unidentified process triggered by asmatic cell
shrinking, which neither stimulates phospholipase C ectivity nor requires the presence of
functional protein kinase C. The two pathways must share the final step, inasmuch as the phorbol
ester - and osmotically- induced responses are not additive (9). This conclusion resembles that
obtained for the growth factor-induced stimulation of the antiport, which also appears o be
unrelated to protein kinase C ( 16).
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