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Reduced Intracellular pH in Lymphocytes
From the Spontaneously Hypertensive Rat

Daniel C. Batlle, Abdulkarim Saleh, and Giuseppe Rombola

This study was designed to determine the cytoplasmic pH (pH,) profile of lymphocytes from a
rat model of genetic hypertension that is well suited for study before and after the development
of spontaneous hypertension. For this purpose, pHj was measured in thymic lymphocytes
obtained from spontaneously hypertensive rats (SHR) and from age-matched Wistar-Kyoto
(WKY) control rats using 2',7'-bis carboxyethyl-5,6-carboxyfluorescein (BCECF), a pH-
sensitive fluorescence probe. At the age of 16-20 weeks, pH, of lymphocytes suspended in a
HCOj-free HEPES-buffered solution, was markedly lower in the SHR than in the WKY rats
(7.07±0.02,7i=16 and 7.22±0.01, n=15, respectively,p<0.001), whereas systolic blood pressure
was higher in SHR than in WKY rats (175±5.0 and 105±3.0 mm Hg, respectively,p<0.001). In
rats less than 5 weeks of age, pH, was also lower in SHR than in WKY rat lymphocytes
(7.12±0.04, n = l l and 7.23±0.04, n = l l , respectively, p<0.05), although at this age systolic
blood pressure was not different between the two groups (87±4.0 and 85±3.0 mm Hg,
respectively). In lymphocytes suspended in a more physiological HCO3/CO2-buffered solution,
pHj was again lower in the adult SHR than in the WKY rat (7.18±0.02, n=U and 7.31 ±0.02,
n=16, respectively,p<0.001). Under this condition, blockade of Na+-H+ exchange by a specific
inhibitor, ethyl-isopropyl-amiloride (EIPA), or by exposure to Na+-free media resulted in
intracellular acidification in both SHR and WKY rat lymphocytes. The difference in pH;

between SHR and WKY rat lymphocytes persisted after blockade of the Na+-H+ exchanger by
either EIPA (7.09 ±0.04 vs. 7.20+0.03, p< 0.05) or by removal of external Na+ (7.04 ±0.05 vs.
7.19±0.02,/;<0.005). Our data show that reduced pH, is a feature of lymphocytes from the SHR
that is apparent before and after the development of hypertension. Persistence of reduced pHj
in SHR cells, as compared with WKY rat cells, after Na+-H+ blockade suggests that a primary
abnormality in the activity of the Na+-H+ exchanger is unlikely to account for the observed
reduction in steady-state pH: of SHR cells. This alteration in pHj regulation persisted after
removal of external Na+ and was seen in the presence and in the absence of external HCO3,
indicating that a sodium-independent, bicarbonate-independent mechanism of cytoplasmic acid
accumulation accounts for the observed difference in pH,. (Hypertension 1990;15:97-103)

Aimportant role of intracellular pH (pHj) in
the regulation of intracellular events has
long been suspected.1 With the introduction

of newer techniques that permit accurate measure-
ments of steady-state pH; as well as monitoring of
rapid fluctuations evoked by a variety of stimuli, an
important role for pHj in the regulation of intracel-
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lular events has rapidly emerged.2-8 The possibility
that pHj may be directly or indirectly involved in the
pathogenesis of hypertension may be envisioned from
recent work showing that the activity of the Na+-H+

antiport, a ubiquitous pHj-regulating transport sys-
tem, is increased in lymphocytes and vascular smooth
muscle cells from the spontaneously hypertensive rat
(SHR) and in platelets from hypertensive humans.9-12

The implications of this finding for the pathogenesis
of hypertension, while uncertain, are potentially pro-
vocative as an important role can be envisioned for
increased Na+-H+ exchange in blood pressure
regulation.13-15

In vascular smooth muscle cells from hypertensive
subjects, increased Na+-H+ exchange ought to result
in an increase in sodium content that, in turn, could
result in an increase in vascular contractility directly
or as a result of a rise in free cytosolic Ca2+ ([Ca2+]i)

D
ow

nloaded from
 http://ahajournals.org by on M

ay 22, 2023



98 Hypertension Vol 15, No 1, January 1990

via Na+-Ca2+ exchange.16 This array of intracellular
events could possibly play a role not only in the acute
regulation of vascular tone but also in the initiation
of protein synthesis and arteriolar hypertrophy. At
the kidney level, enhanced Na+-H+ exchange activity
could result in increased tubular sodium reabsorp-
tion and thereby explain the development of salt-
sensitive hypertension.14"16

The basis for the reported increase in Na+-H+

exchange activity in cells from hypertensive subjects
has not been defined. A primary increase in the
activity of this exchanger, if unopposed by some other
mechanisms of cell acidification, ought to result in
cell alkalinization. The activity of the Na+-H+

exchanger is exquisitely sensitive to pHj. A reduction
in pHj leads to an increase in the activity of the
Na+-H+ exchanger both by providing a greater avail-
ability of substrate (H+ ions) and by titrating an
internal modifier site that further enhances the Na+-
H+ exchanger.17 Because a low pHj in itself markedly
stimulates Na+-H+ exchange, we reasoned that pHj
could be reduced in SHR cells and thereby act as a
driving force for increased Na+-H+ exchange. Accord-
ingly, we measured pHf in thymic lymphocytes from
SHR and WKY rats using 2',7'-bis carboxyethyl-
5,6-carboxyfluoroscein (BCECF), a pH-sensitive dye.
Lymphocytes from the SHR were chosen for study
because they represent a homogeneous population of
predominantly T lymphocytes displaying three dis-
tinct cellular alterations: increased intracellular
sodium,18 increased [Ca2+],,19-20 and increased Na+-
H+ exchange,9 which have all been previously docu-
mented in this rat model of genetic hypertension.

Methods
SHR and age-matched normotensive Wistar-Kyoto

(WKY) rats were obtained from Taconic Farms
(Germantown, New York) immediately after wean-
ing (3 weeks of age) and were placed on a standard
rat chow diet (Ralston Purina, St. Louis, Missouri).
Experiments were performed with suspensions of
thymic lymphocytes obtained from SHR and WKY
rats of two age groups: 4-5 and 16-20 weeks old.
These cells represent a homogeneous population of
T lymphocytes.4 Rats less than 5 weeks of age were
chosen for study because systolic blood pressure in
the SHR at this age is not yet higher than that of
age-matched WKY rats.21 Before each experiment,
the systolic blood pressure was measured by the
awake tail-cuff method as previously described.21

Rats were then anesthetized by an intraperitoneal
injection of phenobarbital (5 mg/100 g body wt), and
the chest cavity was opened by cutting the ribs along
the sternum. The thymus was removed with fine
forceps and cleared of blood vessels. Contaminating
blood was removed by rinsing in RPMI-1640. The
thymus was then minced and pipetted vigorously with
a syringe several times. Large cell aggregates and
connective tissue were removed by passage through
four layers of surgical gauze. The resulting suspen-
sion of lymphocytes, free of red blood cell contami-

nation, was centrifuged at 150g for 5 minutes. The
cell pellet was washed and resuspended in RPMI.

BCECF, a pH-sensitive fluorescent dye well suited
for the study of pHj in the physiological range,5 was
used to determine pHf. Cell suspensions (2-2.5 x 107
cells/ml) were incubated with BCECF-AM (3 Mg/ml)
for 30 minutes at 37° C. The dye-loaded cells were
kept under constant magnetic stirring in a thermo-
statically controlled cuvette (37° C) in a Perkin-
Elmer (Norwalk, Connecticut) LS-5 Model spectro-
fluorometer. The standard buffer solution contained
(mM): NaCl 135, KC1 3.5, CaCl2 1.25, KH2PO4 1.2,
HEPES 5.0, dextrose 3.0, pH 7.40. Bicarbonate solu-
tions contained, in addition to the above, HCO3 25
mM (Cl 120 mM) and were equilibrated with 5% CO2
and 95% O2, pH 7.40.

Fluorescence measurements were taken with a
Perkin-Elmer spectrofluorometer (model LS-5) at
excitation wavelengths of 500 and 440 nm with an
emission wavelength of 520 nm. The fluorescence
signal was monitored continuously for stability, which
was usually achieved after 2-5 minutes in the cuvette.
pH, was calculated from the ratio of 500/440 BCECF
fluorescence signals using the slope and the intercept
of a calibration line generated for each experiment.
The calibration curve was carried out in KC1 buffer
containing 120 meq/1 K+ using the nigericin
technique.5-22-24 All calibration curves had a correla-
tion coefficient of 0.99 or higher. Steady-state pH;
was taken after 5 minutes of BCECF fluorescence
recording (Figure 1, left panel). In a different set of
experiments, cells were added to a Na+-free media
(135 mM choline substituting for Na+) and pH;
measurements were made at 5 minutes (Figure 1,
right panel). In some experiments, ethyl-isopropyl-
amiloride (EIPA) (50 fiM) was added to selectively
block the Na+-H+ exchanger, and the ensuing intra-
cellular acidification was monitored (Figure 2). Cell
pH was recorded 5 minutes after exposure to EIPA.
The pHj reported for each rat is the average of three
to five measurements conducted throughout the exper-
iment. Intra-assay variability was 0.3±0.05% for SHR
and 0.23 ±0.04% for WKY rats. BCECF leakage in
our preparation of lymphocytes was minimal (less
than 5% per hour).

The buffering capacity of SHR and WKY rat
lymphocytes was determined as described by Roos
and Boron.6 The steady-state pHj of BCECF-loaded
lymphocytes was determined and then 5 mM NH4C1
added to the cuvette and the new pHj recorded
immediately (about 4 seconds). The buffering capac-
ity was calculated as the ratio ANH4

+j/ApHj where
ANH/j equals the rise in NH4

+j produced by the
alkaline pulse and ApH; is the difference between
steady-state pHj and pHj after NH4C1. The concen-
tration of [NH/]i was calculated using a pK of 9.21
and assuming that NH3 is in equilibrium across the
cell membrane.6

All results are expressed as mean±SEM. Statisti-
cal analysis was done using Student's t test for paired
and unpaired observations as appropriate.
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FIGURE 1. Tracings from two representative experiments where BCECF fluorescence is continuously monitored
in a suspension of lymphocytes at an excitation wavelength of 500 nm with intermittent readings at an excitation
wavelength of 440 nm. Corresponding intracellular pH (pHj) calculated from the 500/440 ratio is stable in normal
media (left panel) but falls markedly after removal of external Na* (right panel). Values ofpHi used in the text
were those obtained at 5 minutes.

Results
In lymphocytes suspended in a HCO3-free solu-

tion, steady-state pHj was significantly reduced in the
adult SHR (16-20 weeks of age) as compared with
age-matched WKY controls (7.07+0.02, n=16 and
7.22±0.01, «=15, respectively, p<0.001). At this age
group, systolic blood pressure was markedly higher in
SHR than in WKY rats (175+5.0 and 105±3.0
mm Hg, respectively, p<0.001). Steady-state pH was
also found to be lower in younger animals (SHR
7.12+0.04,1=11; WKY rats 7.23±0.04,n=ll,p<0.05)
in which systolic blood pressure was not significantly
different between the two groups (87±4.0 and 85±3.0
mm Hg, respectively). When lymphocytes from adult
animals were suspended in a more physiological,
HCO3-containing solution, pHj was again lower in the
adult SHR than in the WKY rats (7.18±0.02, n=16
vs. 7.31 ±0.02, /J=16, p<0.001). The scatter of the
data on pHs measurements done in the absence and
in the presence of HCO3 is shown in Figure 3. The
buffering capacity of SHR and WKY rat lympho-
cytes, measured at their respective steady-state pHi;
were similar both in a HCO3 buffer (22±1.3 and
22+3 mM H+-pH unit, respectively) and in a HCO3-
free, HEPES-buffered solution (16±2 and 15+2 nM
H+-pH unit, respectively).

A major pHj regulatory transport system in
lymphocytes22-24 and other cells7 is the Na+-H+

exchanger. The participation of this exchanger in the
maintenance of steady-state pHs can be readily
inferred from the fall in pHj observed after blockade
of Na+-H+ exchange using specific inhibitors of this
antiporter or by removal of external Na+. In cells
suspended in a HCXVCO2 buffer, the addition of
EIPA, an amiloride derivative highly specific as a
Na+-H+ exchange inhibitor, resulted in a fall in pHj
in the two groups of adult rats (SHR from 7.16±0.03
to 7.09+0.04, «=6, p<0.005, and WKY rats from
7.29±0.03 to 7.20±0.03, n=6,p<0.005). Likewise, 5
minutes after the removal of external Na+, pHj fell
in SHR lymphocytes (from 7.17±0.02 to 7.04±0.05,
n=6,p<0.001) and in WKY rat lymphocytes (from
7.31+0.02 to 7.19±0.02, n=10,p<0.001). As sum-
marized in Figure 4, the difference in pH, between
SHR and WKY rat lymphocytes found under steady-
state (control) conditions, persisted after selective
blockade of the Na+-H+ exchanger and after removal
of external Na+.

Discussion
This study reports a previously unrecognized alter-

ation in ionic composition, increased cytosolic H+

(i.e., reduced pHj) in lymphocytes from SHR as
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FIGURE 2. Tracing from representative
experiment showing the fall in intracellu-
lar pH (pHj) after exposure to an
amiloride derivative, ethyl-isopropyl-
amiloride (EIPA). Corresponding pHt

was calculated from 500/440 ratio of
fluorescence signals. Values of pH{ used
in text are those obtained at 5 minutes.
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compared with their age-matched normotensive WKY
rat counterparts. This finding should be viewed in
light of recent studies showing that the activity of the
Na+-H+ exchanger is increased in cells from the SHR
as compared with those from the WKY rat.910

Increased Na+-H+ exchange, if unopposed by some
other mechanisms of cell acidification, ought to result
in a higher pH; in SHR than in WKY rat cells, a
finding opposite to that found in the present study.
We believe, however, that our finding of reduced pHj
in SHR lymphocytes may provide a mechanistic
explanation for the increased activity of the antiporter
reported in lymphocytes9 and vascular smooth mus-

cle cells1011 from the SHR and platelets from hyper-
tensive humans.12 The activity of the Na+-H+

exchanger is exquisitely sensitive to the prevailing
pHj so that it is inhibited at high pH,, whereas it is
stimulated at low pHj.17 Thus, the enhanced Na+-H+

exchange activity in SHR cells may be the conse-
quence of a primary reduction in steady-state pHj of
these cells.

A reduction in the activity of the Na+-H+ exchanger
either qualitative [for instance, a decrease in its
affinity for intracellular hydrogen ([H+]j)] or quanti-
tative (for instance, a decrease in the number of
exchangers in the plasma membrane) could, of course,
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FIGURE 3. Scatter plot of intracellular pH
(pHj) data in adult spontaneously hyperten-
sive rats (SHR) and Wistar-Kyoto (WKY)
rats. Note that pHt is lower in SHR than in
WKY rat lymphocytes both in the presence
and in the absence of external HCO3.
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I 1 WKY SHR

CONTROL Na FREE EIPA

FIGURE 4. Effect of Na+ deprivation and an amiloride
derivative, ethyl-isopropyl-amiloride (EIPA) on the steady-
state intracellular pH (pHJ of spontaneously hypertensive rat
(SHR) and Wistar-Kyoto (WKY) rat lymphocytes suspended
in a HCO3 buffer. Note thatpH, is lower in SHR than in WKY
rat lymphocytes both under steady-state conditions and after
obliteration of Na+-H+ exchange by EIPA or by removal of
external Na+. *Denotes a statistically significant difference
between SHR and WKY rats.

result in reduced [H+], extrusion and thus, reduced
pH;. This possibility, however, would not be compat-
ible with existing evidence portraying increased activ-
ity of the Na+-H+ antiporter in SHR cells.9"11 Fur-
thermore, the persistence of the pH; difference
between SHR and WKY rat cells after complete
blockade of Na+-H+ exchange by EIPA (or by removal
of external Na+) strongly suggests that an intrinsic
difference in the activity of the antiporter cannot
account for the observed pHj difference between
SHR and WKY rat lymphocytes. Importantly, this
alteration in pH, is not secondary to an abnormality
in HCO3-dependent acid or base transport mecha-
nisms because pHj of SHR cells was reduced, as
compared with that of WKY rat cells, both in the
presence of HCO3 and in its absence.

The difference in pH< between SHR and WKY rat
lymphocytes also persisted after removal of external
Na+, thereby unraveling a sodium-independent mech-
anism of intracellular H+ accumulation in cells from
the SHR. Three mechanisms that could explain our
finding of reduced pH, in SHR lymphocytes merit
consideration: 1) increased metabolic acid produc-
tion, a possibility that would be in keeping with the
finding of reduced extracellular pH recently noted in
the SHR by other investigators,25 2) release of H+

equivalents from intracellular stores, and 3) intracel-
lular accumulation of [H+] as a result of an inwardly
directed H+ diffusion gradient via Ca2+-H+ exchange
or some other mechanism.

The plasma membrane Ca2+ pump, the calcium-
magnesium adenosine triphosphatase (Ca2+,Mg2+-
ATPase), acts as an obligatory Ca2+-H+ exchanger in
erythrocytes.26 The existence of this mechanism, its
precise stoichiometry, and its role in the regulation of
pHj in cells other than the erythrocyte remains to be
established. Nevertheless, it is possible that Ca2+-H+

exchange may be a link between increased [Ca2+]j

Ca2+/H+
Na/H

FIGURE 5. Schematic drawing of hypothetical scheme of inter-
actions between intracellular pH (pHJ, intracellular Ca2+ (Ca2+J,
and intracellular Na+ (Na+J in spontaneously hypertensive rat
cells. Reduced intracellular pH (pH,) is proposed as a driving
force for both increased Na+,, via stimulation of Na+-H+

exchange, and increased Ca2+,, via Ca2+-(n)H+ exchange.

reported in various cells from the SHR19-2027 and the
reduction in pHj observed by us. In a variety of cell
preparations, pH, decreased in response to maneu-
vers that produced an increase in [Ca2+]i,

2'22-28 whereas
maneuvers that reduced pH, resulted in a rise in
[Ca2+],.29-32 A Ca2+-H+ exchange mechanism could,
thus, explain the coexistence of reduced pH, and
increased [Ca2+], in SHR cells no matter which one of
these two alterations in intracellular ionic composi-
tion were primarily involved (Figure 5). Cytosolic
acidification would be expected to inhibit Ca2+-H+

exchange via the plasma membrane Ca2+,Mg2-
ATPase thereby increasing [Ca2+]j. Alternatively, an
elevation in [Ca2+],, by increasing Ca2+ pump activity,
could play a proximate role in lowering pH, by driving
protons into the cell while extruding Ca2+. An increase
in [Ca2+]j associated with cell acidification could also
result from Ca2+ mobilization from intracellular organ-
elles as it occurs when cells are exposed to angioten-
sin II and other agonists.16-33-34

From the foregoing discussion, it is apparent that
our finding of reduced pH; in the SHR model of
genetic hypertension may be relevant to altered
blood pressure regulation via [Ca2+]j and pHj inter-
action. Importantly, this finding is in agreement with
a recent report by Resnick et al35 in patients with
untreated essential hypertension in whom erythrocyte
pHj, measured by 31P nuclear magnetic resonance
(NMR) spectroscopy, was found reduced as com-
pared with that of normotensive individuals. Thus,
the SHR displays a similar abnormality in pHj that is
easily detectable in a different type of cell, the
lymphocyte, and by a different methodology suggest-
ing a generalized defect that can now be readily
exposed with current technologies for pHj measure-
ments. The use of pH-sensitive fluorescence probes
holds several advantages over other techniques. Unlike
NMR, this method allows for continuous pHj moni-
toring and, unlike pH microelectrodes, is nondisrup-
tive to cells and can be used in active preparations.

Interestingly, the pH; alteration we found in SHR
lymphocytes appears to antedate the development of
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hypertension, as inferred from our finding that young
SHR, whose blood pressures were similar to those of
age-matched WKY rat controls, displayed a reduc-
tion in pHj. Some speculative implications can be
drawn as to the significance of this finding for blood
pressure regulation. A derangement in pH* could be
related to the initiation of the hypertensive process
before it became apparent by a measurable elevation
of blood pressure. Such pH, alteration, if expressed in
smooth muscle cells, could, for instance, participate
in the development of vascular hypertrophy, a finding
that is already evident in arteries of the neonatal
SHR where increased DNA synthesis has been shown
to antedate the development of hypertension.36

Although the mechanism whereby reduced pH could
be involved in this process requires elucidation, it is
tempting to speculate that activation of Na+-H+

exchange, as a consequence of reduced pHj, could
play a major role. Activation of this exchanger results
in an increase in cell sodium influx, which is well
known to stimulate DNA synthesis and cell prolifera-
tion.37'38 Further, inhibitors of Na+ influx such as
amiloride block mitogen-stimulated DNA synthesis39

and some amiloride analogues have been shown to
lower systemic blood pressure in the SHR40-41 suggest-
ing a link between cell sodium entry and hypertension.
At the kidney level, increased Na+-H+ exchange sec-
ondary to reduced pH; could explain enhanced tubular
sodium reabsorption and, thus, the generation and
maintenance of salt-sensitive hypertension.

Although any extrapolation of data from cells
other than vascular smooth muscle cells to the patho-
genesis of hypertension is necessarily speculative, we
believe our rinding of reduced pH, in lymphocytes
from the SHR may provide a common link to other
cellular alterations described in lymphocytes from
this model of genetic hypertension (Figure 5). In the
proposed scheme, a primary reduction in pHi in SHR
cells resulted in increased [Ca2+]j although it is
recognized that an increase in [Ca2+]j could result in
reduced pH, as well. In either circumstance, reduced
pHj ought to stimulate Na+-H+ exchange thereby
promoting Na+ influx and intracellular Na+ accumu-
lation. Intracellular Ca2+ accumulation could be fur-
ther effected via a plasma membrane Na+-Ca2+

exchanger as a result of an increase in intracellular
sodium ([Na+]i)15 or as a consequence of inhibition of
the activity of this antiporter by intracellular acidosis.42

Elucidation of whether pH, plays a role in blood
pressure regulation will require further work. There
is evidence that an increase, rather than a decrease,
in pHj enhances contractility in striated muscle.43-44

The opposite effect, however, may prevail in certain
types of smooth muscle where increased contractility
in response to intracellular acidosis has been
documented.4546 Reduced pHs could also exert a
stimulatory effect on vascular contractility indirectly
via an increase in [Ca2+]j, increased Na+-H+ exchange
activity, or increased [Na+];. The persistence of this
array of abnormalities, which may be involved in the
causation of hypertension, is well explained on the

basis of reduced pH,. A primary increase in Na+-H+

exchange activity in SHR cells should, of course,
result in increased [Na+], and possibly increased
[Ca2+]; via Na+-Ca2+ exchange as well. This abnor-
mality, however, would lead to increased pH,, a
finding just the opposite of that uncovered by this
study. Thus, a primary reduction in pHj appears a
more reasonable explanation for the coexistence of
enhanced Na+-H+ exchange with other alterations in
cellular ionic composition, namely increased [Ca2+],
and increased [Na+]j described in clinical and exper-
imental hypertension.
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