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ABUNDANT EXPRESSION OF TYPE [ K* CHANNELS

A Marker for Lymphoproliferative Diseases?'

STEPHAN GRISSMER,* MICHAEL D. CAHALAN,* anp K. GEORGE CHANDY*"?

From the »Department of Physiology and Biophysics and t Division of Basic and Clinical Immunology, Department of
Medicine, University of California, Irvine, CA 92717

Using the patch clamp whole-cell recording tech-
nique, we studied expression of K* channels in mAb-
defined T cell subsets from diseased C3H-lpr/lpr and
C3H-gld/gld mice and from healthy C3H-HedJ con-
genic controls. Both mutant mouse strains develop
a lupus-like syndrome accompanied by hyperplasia
of a functionally and phenotypically abnormal T
cell subset. These defective cells, which are Thy-
1.2* CD4™ CD8™ B220* F23.1*, display an abundance
of type | K* channels. Phenotypically similar lymph
node T cells from normal C3H-HeJ mice, or young
C3H-1pr/lpr mice before the onset of disease, do not
display large numbers of type { K* channels. CD4"
CD8" T celis (helper/inducer) from the mutant mice
express a small number of type n K* channels, and
CD4~ CDS8* T cells (suppressor/cytotoxic) show a low
ievel of type t or n’ K* channels, as do their pheno-
typically equivalent counterparts in the normal
mouse thymus. These results suggest that the abun-
dant expression of type | K* channels is a marker
for the defective Ipr and gld T cell subset and may
reflect the “abnormal” proliferative status of these
cells.

At least three types of voltage-gated K* channels,
termed n, n’, and [, are expressed by murine T cells (1-
3). These K* channels can be distinguished on the basis
of their pharmacology, kinetics, voltage dependence, and
single-channel conductance (1-3). Normal murine rest-
ing lymph node T cells express small numbers (~10 to 20
channels/cell) of one of these types of K* channels,
whereas lymph node-derived T cells activated by the
mitogen, ConA, possess about 20 times more K™ channels
(4, 5). Recently, Lewis and Cahalan (2, 3) reported that
CD4" CD8~ thymocyte subsets (helper/inducer) express
type n K* channels (20 to 100/cell), whereas CD4~ CD8*
thymocytes (suppressor/cytotoxic) display type l or n’ K*
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channels (20 to 200/cell). Thus, K* channel expression
could be used as a marker to distinguish T cell subsets.

MRL-MpdJ mice homozygous for the autosomal reces-
sive mutation Ipr (denotes lymphoproliferation) develop
substantial lymphadenopathy and a disease resembling
SLE (6). The proliferating cells in these hyperplastic or-
gans express the TCR (7-10) and the Thy-1 marker,
indicating T cell lineage (8, 11-13). However, unlike ma-
ture T cells, these cells do not express either the CD4 or
the CD8 T cell differentiation markers (8, 13, 14), and
they additionally express a pre-B cell marker, Ly-5 or
B220 (8, 13). These cells have been suggested to represent
an immature T cell subset. The Ipr gene locus has been
introduced into different murine genetic backgrounds
(e.g. C3H-Hed-lpr/lpr, C57B1-6J-1pr/lpr) (15, 16). All
mouse strains expressing the Ipr mutation develop lupus
accompanied by hyperplasia of T cells with the same
unique cell surface phenotype (15). The chromosome lo-
cation of the mutant gene Ipr has not been mapped (17).

Another mutation, gld (generalized lymphoproliferative
disease}, also induces hyperplasia of T cells phenotypi-
cally and functionally identical to the expanded subset
in MRL-MpdJ-lpr/lpr mice (8, 17-19), along with lupus-
like disease. The location of this mutant gene has been
mapped to chromosome 1 approximately 10 centimorgan
from the dominant loop tail gene Ip (17).

We previously reported that the majority of lymph node
T cells from diseased MRL-MpJ-lpr/lpr mice express a
large number of type | K™ channels (20). The lpr mutation
is the first example of a genetic defect associated with an
ion channel alteration in cells of the immune system.
Several interesting questions arise from this observation.
1) Does the lpr mutation alone, or in combination with
other genes, cause altered ion channel expression in
lymphocytes? 2) Would other single-gene mutations that
lead to autoimmune disease and lymphoid hyperplasia
result in abnormal channel expression? 3) Is the abnor-
mal channel expression in MRL-MpdJ-ipr/lpr T cells cor-
related with a specific T cell phenotype? We have ad-
dressed these questions in the present investigation.

MATERIALS AND METHODS
Mice

C3H-HedJ, C3H-HeJ-Ipr/lpr and C3H-HeJ-gld/gld mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME). One C3H-
HeJ mouse, seven C3H-HeJ-lpr/lpr mice, and three C3H-HeJ-gld/
gld mice were examined in the studies described in this report. The
three C3H-HedJ-gld/gld mice and three of the seven C3H-HeJ-lpr/Ipr
mice examined were >15 wk of age and demonstrated severe lymph-
adenopathy. One C3H-Hed-{pr/Ipr mouse was 12 wk old and did not
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exhibit clinically identifiable lymphadenopathy. Three C3H-Hed-lpr/
Ipr mice were 2 to 5 wk old and did not show any signs of disease.

Antibodies

PE®-conjugated-anti-CD4 (L3T4) and FITC-conjugated-anti-CD8
(Lyt-2) antibodies were purchased from Becton Dickinson (Mountain
View, CA). Anti-Thy-1.2 and anti-B220 (RA3-6B2) were purified
from ascites in our laboratory. The TCR V 8-chain-specific mAb
F23.1 (21), was a generous gift from Dr. R. P. Shimonkevitz (Re-
search Institute of Scripps Clinic, La Jolla, CA); the antibody reacts
with all three members of the V,8 family. Fluoresceinated goat anti-
mouse IgG antibody (affinity purified and absorbed with rat Ig) and
PE-conjugated goat anti-rat IgG (affinity purified and absorbed
against mouse Ig) were purchased from Caltag (Rupp and Bowman,
Tustin, CA).

Separation of T Cells

Mice were Kkilled, and single-cell suspensions were prepared from
the thymus or lymph nodes. In previous experiments, we had ob-
served that the gy max values of T cells from lymph nodes and spleen
were similar; therefore, in the present study, we pooled the cells
obtained from the mesenteric, inguinal, and axillary lymph nodes
(20). T cells were enriched by passage through a nylon wool column.

Staining

Direct staining. Cells (2 x 10%) were incubated with an appropriate
dilution of anti-CD4-PE and either anti-CD8-FITC or anti-Thy-1.2-
FITC for 30 min on ice, washed three times, and resuspended in 1
ml of RPMI 1640 medium containing 10% heat-inactivated FCS
(Hyclone, Logan, UT) and 2 mM L-glutamine. The stained cells were
plated into glass chambers, and the major T cell subsets were then
identified by epifluorescence microscopy. When anti-CD4 and anti-
CD8 antibodies were used, three populations were evident: orange
(CD4* CD87). green (CD4~ CD8"), and unstained (CD4~ CD87). When
anti-Thy-1.2 and anti-CD4 antibodies were used, the Thy-1.2* CD4~
cells appeared green, and Thy-1.2* CD4" cells were yellow. Ion
channel expression was then characterized in these cells. In most
experiments, chambers were coated with polylysine (0.5 mg/ml) to
improve cell adherence to the dish. This procedure did not alter
channel expression when compared with cells plated into uncoated
glass chambers.

Counterstaining. In some experiments, patch-clamped CD4~
CD8™ cells, still attached to the recording pipette, were counter-
stained with anti-TCR antibody (F23.1) for 10 min, washed with
mammalian Ringer, incubated for a further 10 min with goat anti-
mouse IgG-FITC, washed again with mammalian Ringer, and then
visualized by epifluroescence microscopy. Subsequently, the cell was
similarly incubated with anti-B220 followed by goat anti-rat IgG-PE.
In two experiments, the patch-clamped cell was first stained with
B220 and then with F23.1.

Identification of a CD4~ CD8 B220~ F23.17 T cell subset. Lymph
node T cells from normal C3H-Hed mice were purified on two suc-
cessive nylon wool columns to remove contaminating B cells. These
cells (2 % 10° cells) were first incubated with an appropriate ditution
of anti-TCR antibody (F23.1) for 20 min on ice and then washed
three times with medium. They were then incubated with goat anti-
mouse IgG-FITC, which binds F23.1 antibody, for 20 min, and then
washed three times with medium. Next, the cells were incubated for
20 min with anti-CD4, anti-CD8, and anti-B220 antibodies, washed
three times with medium, and then incubated for a further 20 min
with goat anti-rat IgG-PE (binds anti-CD4, anti-CD8, and anti-B220
antibodies). The cells were washed three times with medium and
resuspended in 1 ml of medium. Only F23.1* CD4~ CD8™ B220™ cells
{green cells) were voltage clamped. The remainder of the cells, which
were orange, yellow, or unstained, were not examined, Contaminat-
ing B cells (surface Ig* and B220") were excluded from the voltage
clamp analyses because these cells would be yellow.

Electrophysiologic Experiments

After phenotypic Identification by epifluorescence microscopy,
single T cells were voltage clamped by using the whole-cell recording
mode of the patch clamp technique. Details of the gigohm-seal
voltage clamp technique used here are described elsewhere (22). All
experiments were done at room temperature (22 to 26°C).

Solutions. The cells under investigation were bathed in normal
mammalian Ringer solution (160 mM NaCl, 4.5 mM KCl, 2.0 mM

3 Abbreviations used in this paper: PE, phycoerythrin; TEA, tetraeth-
ylammonium: gx.me. Maximal K™ conductance.
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CaCl, 1.0 mM MgCl,, 5 mM HEPES, adjusted to pH 7.4 with NaOH;
290 to 320 mosm). In Ringer solutions containing TEA chloride
(TEA*), NaCl was replaced by appropriate TEA* concentrations,
keeping the osmolarity constant. The bath solution could be changed
during the recordings by bath perfusion. The patch pipette usually
contained 134 mM KF, 11 mM EGTA, 1 mM CacCl,, 2 mM MgCl,, 5
mM HEPES, adjusted to pH 7.2 with KOH; 285 to 310 mosm.

Data acquisition. The holding potential was adjusted in all exper-
iments to —80 mV. The patch clamp ampilifier (List L/M-EPC 7) was
used in the voltage clamp mode without series resistance compen-
sation. Electrodes were pulled in three stages, coated with Sylgard
(Dow Corning Corp., Midland, MI) and firepolished to resistances,
measured in the bath, of 2 to 7 Mohm. In all experiments, the
command input of the patch clamp amplifier was controlled by a
computer (PDP 11/73) via a digital analogue converter, and mem-
brane currents were recorded at a band width of 2 kHz. In our
experiments, the recorded membrane current during depolarizations
consisted of a capacitative, a linear leakage, and the specific voltage-
dependent K* current. To study the K* current in isolation, we
corrected for the linear leakage and capacitative currents. This was
achieved by measuring a mean current associated with eight pulses
delivered from a hyperpolarizing potential. At this potential, the
membrane current consists only of the capacitative and leakage
current inasmuch as all of the K* channels are closed. The mean
current was then appropriately scaled and subtracted from the total
membrane current measured at depolarizing potentials. All poten-
tials were corrected for the liquid junction potential that develops at
the tip of the pipette if the pipette solution is different from that of
the bath. The liquid junction potential between the normal internal
(pipette) and external (bath) solution was —7 mV.

Selection of cells for recording. Normal T cells increase in size
upon activation and express large numbers of type n K* channels
(5). In unstimulated lymphoid populations, large cells (>8 um) ex-
press large numbers of type n K* channels and probably reflect
“spontaneously activated” cells (5). To avoid clamping spontaneously
activated cells, we examined cells with a capacitance <2 pF, which
corresponds to a cell diameter <8 um. The relationship between cell
diameter and cell capacitance has previously been calculated to be
0.98 yF/cm? (22), assuming that lymphocytes are smooth spheres.

Identification of K* channel type. We identified K* channels on
the basis of their inactivation properties, channel-closing kinetics,
and sensitivity to block by TEA™ as described elsewhere in detail (2,
3, 5). Typically. type n K™ channels are use dependent, i.e., show
cumulative inactivation by repetitive depolarizing pulses. We deter-
mined use dependence by measuring the decline in the size of the
K* current elicited with one-per-second repetitive depolarizing pulses
of 200-ms duration. Type n K* channels also close slowly upon
repolarization with a time constant of about 30 ms at —60 mV and
are blocked by TEA* (Kp = 8 mM). Type I K* channels are not use
dependent, close more rapidly on repolariziaton with a time constant
of 2 ms at —60 mV, and are much more sensitive to block by TEA
(Ko = 0.1 mM). Type n’ K* channels are not use dependent, close
slowly like type n K* channels upon repolarization, but are less
sensitive to block by TEA (Kp = ~100 mM).

Determination of maximal K* conductance (gi.max) and number
of K* channels per cell. gxma was calculated from the largest K*
current recorded in each cell. The measured reversal potential for
types n, n/, and ! K* channels is between —75 and —85 mV with KF
in the pipette and normal Ringer on the outside (3, 22). We therefore
used a reversal potential of —80 mV to calculate g max. The number
of K* channels per cell was calculated by dividing gi max by the single-
channel conductances of the appropriate channel type: the single-
channel conductances are 18, 27, and 17 pS for n, I, and n’, respec-
tively (3).

RESULTS

The lpr gene mutation causes altered ion channel
expression in lymph node T cells, irrespective of the
genetic strain of the mouse. C3H-lpr/lpr mice develop a
lupus-like disease along with lymphoproliferation of a
Thy-1.2* CD4~ CD8~ TCR* B220" T cell subset that is
phenotypically identical to the abnormal cells in MRL-
MpJ-Ipr/lpr mice (8). Figure 1 shows K* outward currents
in the major T cell subsets defined by the CD4 and CD8
markers in C3H-lpr/lpr mice. In these experiments, the
membrane potential of the cells was held at —80 mV, and
then depolarizing pulses were applied to +40 mV. This
protocol opens all the voltage-gated K* channels in the
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Figure 1. Whole-cell K* currents of CD4* CD8" (A), CD4~ CD8* (B). and CD4~ CD8~ (C) T cell subsets in C3H-lpr/lpr mice. Top. Effect of TEA on
K* currents elicited with a 200-ms depolarizing pulse to +40 mV from a holding potential of ~80 mV. Pulse interval was 1 min to allow total recovery
from inactivation. Bottom, K* currents were elicited as above with a pulse interval of 1 s to assay cumulative inactivation.

cell. CD4* CD8™ cells (Fig. 1A) have small K* currents
that are half-blocked by 10 mM TEA (top) and are use
dependent (bottom), indicating that they express small
numbers of type n K* channels. CD4~ CD8" cells (Fig.
1B) display small K* currents that are half-blocked by
0.1 mM TEA (top) and are not use dependent (bottom),
indicating that they express low levels of type [ K™ chan-
nels. Some CD4~ CD8" cells also express small numbers
of type n’ K* channels (currents not shown). The abnor-
mal CD4~ CD8 T cell subset (Fig. 1C) has large K*
currents that are half-blocked by 0.1 mM TEA (top) and
are not use dependent (bottom), indicating that the de-
fective cells abundantly express type { K channels.

Figure 2A shows the g max in CD4- and CD8-defined T
cell subsets from C3H-Ipr/lpr mice. The abnormally pro-
liferating CD4~ CD8™ T cells have a gy max of 5223 + 565
pS (mean + SEM; n = 22). Dividing the g ... by the
reported single K* channel conductance for type [ (3) gives
an estimate of approximately 200 type [ K" channels/
cell, similar to the aberrant MRL-MpdJ-Iipr/ipr T cells (20).
CD4" CD8" cells have a gx.max of 145 £ 30 pS (mean *
SEM; n = 6), representing approximately eight type n K*
channels/cell. CD4™ CD8" cells have a gx max 0f 270 = 77
pS (mean + SEM; n = 8), representing an average of 6 to
12 type ! or n” K™ channels/cell. Thus, abundant type {
K channels are present in defective CD4~ CD8™ T cells
from diseased C3H-Ipr/lpr mice. In contrast, CD4* CD8"
(helper/inducer) and CD4~ CD8" (suppressor/cytotoxic) T
cells from the lymph nodes of C3H-lpr/lpr mice express
the same type and roughly the same numbers of K*
channels as their phenotypically identical counterparts
in the normal thymus (2, 3).

Another single-gene mutation, gld, leads to autoim-
mune disease and proliferation of lymph node T cells
abundantly expressing type | K* channels. C3H-gld/
gld develop both a lupus-like disease and the proliferation
of a T cell subset phenotypically similar to that in Ipr
mice. Because the [pr and gld mutations produce the
same disease, despite being non-allelic, it is conceivable
that the abnormal T cells in gld mice have alterations of
K* channels similar or even identical to those in C3H-
Ipr/lpr cells. Figure 2B demonstrates that the aberrantly
proliferating CD4~ CD8™ T cells in C3H-gld/gld mice also
have a large g max of 5092 + 503 pS (mean + SEM; n =
26), representing approximately 200 type ! K™ channels/
cell. C3H-gld/gld CD4" CD8™ T cells have a g max Of 42 %
3 pS (mean * SEM; n = 5), representing approximately 2
to 3 type n K* channels/cell. CD4~ CD8* T cells have a
Zk.max Of 324 + 98 pS (mean * SEM; n = 5), indicating an
average of 3 to 18 |l or n’ K* channels/cell. Thus, the
abnormal CD4~ CD8" T cells from sick C3H-gld/gld mice
display a high level of type | K™ channels as do the
defective MRL-MpJ-Ipr/lpr (20) and the C3H-lpr/lpr T
cells (cf. Fig. 2A). On the other hand, CD4" CD8™ (helper/
inducer} and CD4~ CD8" (suppressor/cytotoxic) T cells
from the lymph nodes of these mice express a “normal”
K* channel phenotype.

Abundant type I K* channels are exhibited by Thy-
1.2° CD4~ CD8  B220" F23.1" lymph node-derived T
cells from C3H-lpr/lpr and C3H-gld/gld mice. In Figure
2, A and B, we demonstrated that the aberrant CD4~
CD8™ T cell subset in C3H-Ipr/lpr and C3H-gld/gld mice
display many type ! K* channels. We examined these
CD4~ CD8™ cells for the expression of Thy-1.2, B220, and
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Figure 2. Maximal K* conductance of CD4* CD8™, CD4~ CD8*, and CD4~ CD8™ T cell subsets: A, Diseased C3H-lpr/lpr mice (>15 wk old); B,
diseased C3H-gld/gld mice (>15 wk old): C, CD4~ CD8” F23.1* B220" T cells from normal C3H-HeJ mice (>15 wk old); D, CD4~ CD8" T cells from
healthy C3H-lpr/lpr (2 to b wk old). Maximal K* conductance reflects the number of K* channels per cell. The maximal K* conductance was measured

as described in Materials and Methods.

F23.1 markers, which are characteristic of the diseased
subset. Two experimental protocols were used.

Staining with anti-Thy-1.2-FITC and anti-CD4-PE.
Figure 3 shows g max in Thy-1.2* CD4* and Thy-1.2*
CD4" T cells from C3H-Ipr/lpr mice. Thy-1.2" CD4" cells
(helper/inducer] have a g max of 144 + 32 pS (mean =
SEM; n = 8), representing approximately eight type n K*
channels/cell, like CD4* CD8~ C3H-lpr/lpr T cells (cf Fig.
2A). Thy-1.2" CD4" T cells comprise both the abnormal
Thy-1.2* CD4™ CD8" T cells and “normal” Thy-1.2" CD4"~
CD8" (suppressor/cytotoxic) T cells; these cells represent

C3H- lpr

Maximum K conductance (nS)

o
A
A o
0.1 : o
A
ad
0.01
Thy=1.2%  Thy-1.2%
CDat CD4~
channel type: A n
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Figure 3. Maximal K* conductance of Thy-1.2* CD4~ and Thy-1.2*
CD4* T cells in C3H-lpr/lpr mice. Maximal K* conductance reflects the
number of K* channels per cell. The maximal K* conductance was
measured as described in Materials and Methods.

roughly 90 and 10% of the T cells of the C3H-Ipr/lpr
lymph node, respectively (8). Of 13 Thy-1.2* CD4~ cells
examined, 10 cells (77%) had a large gu.max (6110 * 545
PS. mean = SEM; n = 10), indicating approximately 200
type I K* channels/cell; these cells probably represent
the abnormally proliferating Thy-1.2* CD4~ CD8~ C3H-
Ipr/lpr T cells (cf Fig. 2A). Of the 13 Thy-1.2" CD4™ cells
examined, 3 (23%) had a small gk max (278 + 102 pS, mean
+ SEM: n = 3), averaging approximately 10 type | K*
channels/cell, and probably represent Thy-1.2° CD4~
CD8" (suppressor/cytotoxic) C3H-lpr/lpr T cells
(cf Fig. 2A).

Staining voltage-clamped CD4~ CD8™ cells with F23.1
and B220. In the second protocol, patch-clamped CD4~
CD8™ cells were stained with anti-TCR antibody (F23.1)
and anti-B220 antibody as described in Materials and
Methods. All of the C3H-Ipr/lpr (n = 5) and C3H-gld/gld
(n=6)CD4™ CD8™ cells examined were F23.1" and B220".
Occasionally we found CD4~ CD8™ F23.1" cells in the
same field as the patch-clamped cell.

We tested the specificity of this staining procedure in
two ways: 1) Voltage-clamped thymocytes from normal
C3H-Hed mice did not stain with either FITC-conjugated
goat anti-mouse IgG or PE-conjugated goat anti-rat IgG,
the second-step reagents used in our experiments, if the
cell remained viable as assessed by the stability of the K*
currents (n = 5). However, the voltage-clamped cell was
nonspecifically stained if the seal between the patch
pipette and the clamped cell was disrupted. In all our
experiments, K* currents remained stable after staining
with anti-F23.1, anti-B220 antibodies and second-step
reagents. 2) The proportion of B220" and F23.1” normal
thymocytes has been reported to be approximately 5 (10)
and 25% (21, 23), respectively, by flow cytometric anal-
yses. We therefore tested our reagents on normal C3H-
HedJ mouse thymocytes to determine whether the propor-
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tions of B220* and F23.1"* thymocytes detected by epifiu-
orescence microscopy would be similar to that reported
with flow cytometry. B220* cells were evident in roughly
1% (475 cells counted) of fresh thymocytes and in 2%
(492 cells counted) of F23.1" thymocytes also stained
with anti-B220 antibody. In two experiments, F23.1"
cells were found in 2% (1130 cells counted) and 9% (407
cells counted) of normal thymocytes; F23.1 staining was
dim and may account for the lower percentage in our test
compared with reported results obtained with flow cyto-
metric analysis.

A phenotypically similar lymph node T cell subset
Jrom normal C3H-HedJ congenic controls does not ex-
press large numbers of type 1 K* channels. A B220~
thymocyte subset, otherwise phenotypically similar (Thy-
1.2* CD4~ CD8™ F23.1* J11D") to the aberrant Ipr and
gld cells, has recently been identified in several murine
strains (23-26). Because these cells acquire B220 on
activation, they have been hypothesized to be a source of
the abnormal Ipr and gld cells (23}. A phenotypically
similar lymph node T cell subset has also recently been
identified (23). It is conceivable that the abundant expres-
sion of type | K* channels is another cell surface feature
of this novel T cell subset. We therefore examined K*
channel expression on CD4~ CD8 B220~ F23.1" cells
obtained from lymph nodes of normal C3H-HedJ congenic
controls (see Materials and Methods). Figure 2C shows
the g max Of this subset. Unlike the defective lpr or gld
cells (cf Fig. 2, A and B), the normal cells have a g .max Of
234 + 69 pS (mean + SEM; n = 12), representing approx-
imately 12 channels/cell of either types n, n’, or I K*
channels or a mixture of these K* channels. Thus, the
abundant expression of type ! K™ channels may be a
feature of the diseased T cell subset in Ipr and gld mice.

A phenotypically similar T cell subset from the lymph
nodes and thymus of young C3H-lpr/lpr mice, obtained
before the onset of disease, does not express abundant
type | K* channels. Because the number of CD4~ CD8~
cells increases with age in both C3H-lpr/lpr and C3H-
gld/gld mice, we examined CD4~ CD8" lymph node-de-
rived T cells from 2- to 5-wk-old C3H-Ipr/lpr mice (n = 3)
with no overt evidence of disease. Five CD4™ CD8™ lymph
node T cells had a gk.max of 275 + 146 pS (mean + SEM;
n = 5) representing approximately 15 type n K* channels/
cell, and two cells had a gi.max Of 704 + 56 pS (mean *
SEM: n = 2), representing approximately 26 type [ K*
channels/cell (Fig. 2D). In addition, eight CD4~ CD8"
thymocytes from these mice had a gk max of 308 £ 70 pS
(mean + SEM: n = 8), representing approximately 17 type
n K* channels/cell, and two cells had a gk max of 129 £ 3
PS (mean * SEM; n = 2), indicating approximately 5 to
10 types n’ or ! channels/cell (data not shown). Thus,
abnormal channel expression is a feature of the diseased
CD4™ CD8™ T cells and is not exhibited by phenotypically
similar cells before the onset of disease.

DISCUSSION

mAb-defined T cell subsets from diseased C3H-lpr/lpr
and C3H-gld/gld mice and from C3H-HedJ congenic con-
trols were investigated by using the patch clamp whole-
cell recording technique. We demonstrate that the abnor-
mally proliferating Thy-1.2* B220* F23.1* CD4~ CD8™ T
cell subset in the mutant mice displays an abundance of
type I K* channels, in a manner similar to that seen in
MRL-MpJ-lpr/lpr mice (20). Phenotypically similar cells
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from normal congenic controls, or from young C3H-lpr/
Ipr mice examined before the onset of disease, do not
express this high level of type [ K* channels. In contrast,
CD4"* CD8™ (helper/inducer) and CD4~ CD8" (suppressor/
cytotoxic) T cells from both diseased strains display the
same type and roughly the same number of K* channels
as their counterparts in the normal thymus.

MRL-MpdJ mice develop a lupus-like syndrome late in
life (6, 12). The genetic factors that contribute to the
development of autoimmunity have not been identified
(6, 12). However, it is clear from studies on MRL-MpJ-
Ipr/lpr mice that the Ipr mutation accelerates the onset
and severity of autoimmunity and induces severe lym-
phoproliferation (6). We previously reported that the ab-
normally proliferating T cells in MRL-MpdJ-Ipr/lpr mice
exhibit numerous type [ K* channels (20). This altered K*
channel phenotype may be related to the expression of
the Ipr mutation alone or in combination with other
genetic factors in MRL-MpdJ mice. To distinguish between
these possibilities, we examined ion channel expression
in phenotypically similar T cells from C3H-HedJ-lps/Ips
mice that develop a disease identical to that in MRL-MpdJ-
lpr/lpr mice, although the two mice strains are geneti-
cally distinct. Furthermore, congenic control C3H-HedJ
mice do not spontaneously develop this syndrome, indi-
cating that the Ipr mutation can induce lupus-like disease
accompanied by lymphoproliferation in the absence of
other genetic factors that increase susceptibility to auto-
immunity. In the present study, we demonstrate that
aberrant T cells from C3H-Ipr/lpr mice exhibit large
numbers of type | K™ channels (Figs. 2A and 3) as do
phenotypically similar cells from diseased MRL-MpdJ-ipr/
Ipr mice (20). Inasmuch as the diseased T cells from these
two genetically distinct mice strains expressing the Ipr
mutation exhibit an abundance of type ! K* channels,
the altered K* channel phenotype is likely to be associ-
ated with the Ipr mutation, irrespective of the genetic
background of the mouse or the susceptibility of the
strain to develop the lupus-like syndrome.

The gld mutation, although distinct from and non-
allelic with the !pr mutation, induces hyperplasia of a
phenotypically similar T cell subset (18, 19). Inasmuch
as the proliferating T cells from C3H-gld/gld mice also
display a high level of type | K* channels (Fig. 2B) as do
Ipr T cells, it seems likely that that abundant expression
of type | K* channels is a marker for the aberrant T cell
subset.

A novel thymocyte subset (Thy-1.2* CD4~ CD8™ J11D~
TCR*) has recently been identified (23-26). Unlike the
abnormal Ipr and gld cells, these cells do not express
B220, but a variable fraction of these cells acquire B220
after activation with anti-TCR antibody plus IL-1 (23).
Since these cells are phenotypically similar to the abnor-
mally proliferating Ipr and gld T cells, this subset has
been hypothesized to be a source for the defective cells
(23). A phenotypically identical lymph node T cell
subset has also been reported (23). Recently, McKinnon
and Ceredig (27) reported that this thymocyte subset,
identified as CD4~ CD8~ J11D~ thymocytes, expresses
small K* currents (gim.x = 0.5 £ 0.3 nS) of uncertain
type. In the present study, we demonstrate that the phe-
notypically similar subset (CD4~ CD8  B220~ F23.1%)
from the lymph nodes of healthy C3H-HeJ mice, displays
a small number of K* channels of types n, n’, or L
Furthermore, phenotypically similar cells from young
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C3H-lpr/lpr mice tested before the onset of disease do
not exhibit altered K* channel expression. These data
imply that the abundant expression of type l K* channels
by the defective CD4~ CD8~ lpr and gld lymph node T
cells is a feature of the disease. However, it is not clear
whether the abundance of type I K* channels in the Ipr
and gld mice reflects a causal relationship between type
I K* channels and abnormal proliferation or whether it
is a manifestation of the disease.

The defective lpr and gld T cells do not express the IL-
2R nor do they produce IL-2, molecules normally ex-
pressed by lectin- and Ag-activated T cells (13, 19). Fur-
thermore, lectin- and Ag-activated T cells display a large
number of type n K* channels (5, 20), in contrast to the
abundance of type | K* channels expressed by the dis-
eased [pr and gld cells. Taken together, these data sug-
gest that a proliferative signal, distinct from the normal
lectin- and Ag-activated pathway, causes the hyperplasia
of those defective T cells that abundantly express type [
K* channels.

Palacios (28) reported that spleen cells from MRL-MpJ-
Ipr/lpr mice constitutively produce an IL-3-like activity
when tested on an IL-3-dependent pre-B cell line and
suggested that this lymphokine may be responsible for
the lymphoid hyperplasia in these mice. In contrast, Kel-
ley and colleagues (29) did not confirm this result with
spleen cells from MRL-MpJ-lpr/lpr mice or three other
mouse strains bearing the mutant Ipr gene either by the
bioassay or by measuring IL-3 mRNA. However, two re-
cent reports by Ohta et al. (30, 31) indicate that, although
lymphoid cells from MRL-MpdJ-Iipr/lpr mice do not con-
stitutively secrete an IL-3-like substance, sera from these
diseased mice contain IgG with IL-3-like activity. B cell
hybridomas that secrete mAb with IL-3-like activity have
been established from sick MRL-MpdJ-lpr/lpr mice (31).
Based on these data, the authors conclude that lymphoid
hyperplasia in mice bearing the [pr mutation may result
from stimulation by autoantibodies directed against the
IL-3-R. It is therefore conceivable that IL-3 or one of the
newly identified lymphokines induces hyperplasia of
CD4~ CD8™ T cells from lpr and gld mice, the abundant
expression of type ! K channels reflecting excessive
stimulation via lymphokine-specific receptors.
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