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I. INTRODUCTION

The purpose of this article is to review the ionic
channels that have been characterized in leukoucytes
and, whenever possible, tu discuss their functional sig-
nificance. This review malkes no attempt to provide a
comprehensive view of ionic transport mechanisms in
leukocytes, nor dues it attempt to provide an inclusive
summary of the numerous studies dune using ion-flux
techniques and fluorescence measurements that have
examined the role 0" ivnic transport in leukocyte func-
tion. Rather, it focuses on the electrophysiological evi-
dence for the existence of specific ionic channels in leu-
kocy tes, with the eaception of the basophil, which is not
covered in this review. (Information on the basophil is
more appropriately induded in a review of mast cells.)
Several recent reviews are available for thuse interested
in a discussion of vther transport mechanisms in leuko-
cytes (47, 69, 73, 75, 87).

Because significant progress in this area has de-
pended on the development of the patch-clamp tech-
nigue by Neher and Sakmann in 1976 (181, the area of
investigation is relatively young, the studies covered in
this review are just a beginning. Undoubtedly, many
channels are yet to be described in leuhocy tes, and much
more will be learned abuut the relevance of ionic chan-
nels tu leukueyte functivn. The observations that the
zating of ionic channcels can be mudulated by phosphor-
ylation and dephosphorylation reactions (217, 246), as
well as by a variety of second messengers (132, 217),
already have provided an important regulatory link be-
tween biochemical events inside leukocytes and ionic
channels (72, 73; e.g., see sect. IVA3).

II. TERMINOLOGY

Ionic channcels are integral membrane proteins that
prov.de luw energy pathways for ions to cross cellular
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....................................................

....................................................

membranes, allowing ions to flow passively down their
electrochemical gradient at rates exceeding 10° ions/s.
The high rate of flow of ions through channels and their
discrete transitions between open and closed states
facilitates the measurement of these transport events
(currents) through individual macromolecules. It
should be noted that for small currents that are not
voltage gated and that have single-channel current am-
plitudes too small to detect {<1 pA), discriminating be-
tween a current through an ionic channel and one pro-
duced by carrier-meaiated transport can be difficult
(151, " G4; e.g., see sect. IVA3).

If an ion channel is open and the membrane poten-
tia. (17,) differs from the electrochemical potential for
ion .« (£, the potential difference at equilibrium), then
current will flow into or out of the cell depending on the
driving force on «. When V7, is equal to E,, no current (I)
will flow. The current flowing across an ion channel di-
vided by the net electrochemical driving force (V) across
the channel is equal to its ion conductance (G), which is
expressed in siemens (S) or in reciprocal ohms (G = I/
1), and is a measure of the ease with which ions flow
acruss the channel. Single-ion channels have conduc-
tances in the range of picosiemens (10 '2S). Some chan-
nels allow current to flow more easily in one direction
than in the other direction, a property called rectifica-
tion. Thus an inwardly rectifying cation channel is one
in which cations flow more easily into the cell than out
of the cell (conversely, an inwardly rectifying anion
channel would allow anions to flow out of the cell more
easily than into the cell). In these cases, a plot of the
relationship between current and voltage (J-V) will be
nonlinear (nonohmic).

Ton channels can be characterized by their conduc-
tances, gating properties (factors controlling channel
opening and closing), kinetics (rates at which channels
open and close), ionic selectivity (differential permeabil-
ity), and pharmacology (the action of specific agents in

5




776

blocking or changing the flow of ivns). Furthermore,
channel activity can be modified by the presence of com-
peting ions or other molecules, such as GTP-binding
proteins or inositol phosphates. Ionic channels have
been best charactierized in excitable cells where they
have been studied for the past 50 years (107). With the
advent of the patch-clamp technique, much progress has
been made un other cell types, including leukocytes,
where lunic chiunnel openings in response to specific
chemical ligands (ligand gated), voltage (voltage gated),
or both have been described.

Muost of the studies discussed in this review used the
patch-Jamp technigyue. This technique is eatremely
versatile because it can be used in & number of recording
cunfigurations (103). 1) the cell-attached patch mode in
which single-channel currents are recorded from
patches of membrane in intact cells, 2) two excised-
patch modes in which patches of membrane are pulled
away from the cell and single-channel currents are re-
corded with the inside surface of the membrane facing
either the bath sovlution (inside-out patchy or the pipette
solution (outside-vut patch), and 3) the whole cell config-
uration in which currents representing an average of
the single-channel currents acruss the whole cell are
measured. In the whole cell configuration, the inside of
the cell is perfused with the soludon in the patch elec-
trode, this allows the addition of second messengers and
uther substances to the inside of the cell but alsv has the
disadvantage of washing out intracellular constituents
that might mudulate the ivnic chanaels being studied
(103). This disadvantage has been recently eliminated
by a modification of the whole cell configuration, the
“nystatin-permeabilized patch” (111). The antibiotic
nystatin is added to the pipette solution, reducing the
resistance between pipette and cytoplasm. Although
this is analogous to whole ¢ell recording, large molecules
and even divalent jons do not leave the cell, and second
messenger-mediated respunses can be observed that
do not remain functional in conventivnal whole cell
recording,.

III. PHAGOCYTIC LEUKOCYTES

Macrophages, neutrophils, and cosinuphils are
phagocytic leukocy tes that are capable of migrating to-
ward invading micruorganisms and, or tumor cells, en-
gulfing them, and ultimately killing them. During these
events a number of enzymes, cytokines, toxic onygen
products, and other factors having widespread actions
are released. In recent years much has been learned
about the physiology of phagocytic cells, including the
role of phosphuinositide metabolism, GTP-binding pro-
teins, and protein kinase C in phagocyte activation (10,
256, 269). In addition tu these agents, interest in the
possible role of iuns in stimulus-response coupling in
phagocy tic cells has resulted in asteady increase in elec-
trophysiological studies that have characterized a num-
ber of conductances in these cells. Table 1 contains a list
of the ivnic cunductances 1n phagocoy tes. Tnese studies
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examined neutrophils, macrophages, and related tumor
cell lines. Unfortunately, no data exist on the ionic
channels in the eosinophil.

A. Macrophages

Macrophages, found in virtually every tissue, origi-
nate from bune marrow cells that are released into the
bluud as monocytes (272). Monocytes circulate in the
blood for up to several days until they emigrate into the
tissues and mature intv macrophages. Macrophages can
survive in tissues for months and even possibly years,
playing pivotal roles in numerovus aspects of host de-
fenses, including processing antigens, killing parasites
and tumor cells, ingesting dead or dying cells, and se-
creting cytokines.

Electrophysivivgical studies at the whole cell or
single-channel level have demonstrated that macro-
phages exhibit both voltage-gated and Ca gated ioni.
currents. Four ¥ currents, three Cl cucrents, and nonse-
lective cativn currents have been identified and are de-
scribed in detail neat. Although one laboratory reported
action putentials in human monueyte-derived macro-
phages (165, 283), thuse events were pourly character-
ized, and they have not been noted by other (nvestiga-
turs. Furthermore, no voltage-dependent Na or Ca
currents have been described in macrophages. Both Fe
immunoglobulin and ATP receptor-gated ionic cundue-
tances have been described in macrophages and are also
discussed.

1. Potassium conductances

I) VULTAGE -DEPENDENT INWARDLY RECTIFYING
PUTASSIUM CONLUCTANCE. An inwardly rectifying K
(K,) current that activates at voltages negative to 50
mV was first described in intracellular microelectrode
studies of mouse spleen and thioglycolate-induced mac-
rophages that had been cultured fer several weeks (61,
65). The K, current has since been characterized in cul-
tured human monocyte-derived macrophages (68, 18¢),
in the murine macrophage-like cell line J774.1 (70), in
mouse peritoneal macrophages (212), and in phorbol es-
ter-induced differentiated HL60 celle (a human pro-
myelocytic lsukemia cell line) (278). This current is simi-
lar tu the inwardly rectifying K current characterized in
several other cell types, indduding starfish egg cells
{100), frog skelctai muscle (112), heart muscle (80), bu-
vine pulmonary artery endothelial cells (251), and rat
basophilic leukemia cells (154).

In macrophages, the K, current has been best char-
acterized in J774.1 cells, where it has a steep voltage
dependence (fracuonal activation decreased from 66%
at 90 mV to 267 at 70 mV) and a time-dependent
inactivation (70). Inactivation, which was evident for
voltage steps tu putentials more negative than 100 mV,
followed first-order kinetics and had a rate that in-
creased with membrane hy perpolarization. Whole cell
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TABLE 1. Jon channels in phagocytes
Channel Gaiting 7 SCG, pS Blockers Present In Reference

Macrophage

K channels

K, (outrard Voltage 16 D 600, TEA, 4-AP, Mouse peritoneal, human blood- 70, 183, 290
inactivating) Cs;, Ba; derived, human alveolar
macrophages; J774.1, P388D1,
HL60 cells
Koz foutward poorly Voltage TEA, 4-AP, Cs; Human blood-derived 183
inactivating) macrophages
K; (inwardly Voltage 30* Ba, Cs, Rb Mouse peritoneal and spleen, 68, 70, 211,
rectifying) human blood-derived 278
macrophages; J774.1, HL.60
cells
Ky ca (large, Ca and Ca; and 240* CTX, TEA, Cs; Human blood derived, human 62, 120a,
voltage activated) voltage alveolar macrophages 121, 166
K¢, linwardly Ca; 36* Ba Human blood-derived, mouse 63, 104,
rectifying. Ca peritoneal macrophages; U937 120a, 121
activated) cells
Cl channels
Ciy, darge) Voltage 340 DIDS U937 cells; mouse peritoneal 121, 212, 236
macrophages
C}; ({intermediate) Voltage 28 DIDS U937 cells 121
Cl, (smalb) Voltage 16 U937 cells 121
Cation channels
Nonselective Ca, Variable Zn P388D1 cells; human blood- 155, 183
derived macrophages
Fe Fe-ligand 60 dMouse macrophages 287, 288
Neutrophil
K channels
Qutward Human neutrophils 128
Ca activated Cay Human neutrophils 128
Cl channels
Ca activated Cy; Human neutrophils 128
Cation channels
Nonselective Cuy; 18-25 Human neutrophils 276

SCG, single hannd condudtance under phy sivlugical jonie gradients or *115 mM external K (or rectifying channels, largest conductance
is gi.em) Ca,. Cs,, Ba,, internal Cy, Cs, and Ba. t AP, 1-aminopy ridine, CTX, chary bdutunin, DIDS, §,1-diisothiveyanostilbene-2,2-disulfonic

acid; TEA, tetraethylammonium.

K, currents showing activation and inactivation are
shown in Figure 1.1 Removal of eaternal Na reduced (by
~5070) inactivation (Fig. 14, butfone) but did not abolish
it, supgesting that sume of the inactivation was due to
the intrinsic voltage dependence of the channel (176).
Voltage-dependent inactivation was verified in single-
channel recurds in the absence of external Na (Fig. 1B).
As in other cells that display this ty pe of inwardly recti-
fying K conductance (100, 101), raising eatracellular K
concentration ([K],) increased the slope conductance for
the inward currents and shifted the voltage dependence
to the right, indicating that the activation of the K, con-
ductance depended on [K],) (70). Similar results were re-
ported in mousc peritoneal mocrophages, where in-
creasing [K], from J tv 110 mM increased the maximum
slope of the K, conductance by a factor of 5.1 (212), Ex-
ternal Ba bluchked the K, current in a voltage-dependent
manner (170), with complete block vecurring at 2.5 mM
Ba (70) The K, current was also reduced by the addition
of 1 mM Cs (70).

Single-channel currents, the properties of which
correspond to the macroscopic K, current measured in
whole cells, have been described in both J774.1 cells
(170) and in human peripheral blood-derived macro-
phages (68). In both these cell types, single-channel
currents were evident in cell-attached patches (145 mM
KCl in electrode and normal saline in bath) at zero hold-
ing potential (the resting 13, of the cells). Under these
conditions the single-channel conductance in cell-at-
tached patches was 29 pS for inward currents, and the
extrapolated reversal potential was near Ey. No out-
ward currents were noted at potentials above Ey, indi-
cating cither an eatreme rectification at the single-
channel level or an absence of detectable channel open-
ings positive to Ey. In ventricular heart cells, inward
rect:fication through K, channels was abolished by re-
moving internal Mg (172). In contrast, the inward recti-
fier in buvine pulmonary endothelial cells has a voltage-
and [K],-dependent gating mechanism that is distinet
from Mg block (251). At putentials more negative than
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120 mV (and in the absence of eaternal Nay, averaged
single-channel currents showed time-dependent inacti-
vation. The single-channel activity had complex ki-
netics, manifesting closures of short and lung duration
that indicated the presence of more than one clused
state (170). Single K, channel curents were blocked by
external Ba (2.5 mM) and, like whole cell currents, the
single-channel K; conductance was proportional to the
syuare root of [K], (170). The density of K, channels in
J771.1 cells was estimated to be 47 channels,'pF or 0.47
channels, um?, assuming a specific capacitance of 1 pF.
em? (170).

A Eapresswon. Macrophages do not alw ays express
the K, conductance. Furthermote, channel expression
van be modified by external factors, such as celuure con-
ditions. For example, Ypey and Claphar 1 (200) reported
that inward rectification was absent in mouse perito-
neal macrophages cultured for up to 1 days, whereas
previvus (63) and subsequent (211) studies on mouse
peritoneal macruphages cultured for 5 days er more
demonstrated I Vrelationships with prominent inward
rectificativn. Gallin and Shechy (70) repurted that

774.1 cells that adhered to a glass or plastic surface for
~18 h had a pruminent K, conductance, whereas this
wonductance was either absent or quite small in cells
that adhered for only a few hours. Randriemampita and
Trautmann 212) noted that fluid perfusion during
whole cell patch-clamp recordings of J774.1 cells re-
duced the K, currents. More recently it was demon-
strated that the specific K, conduciance (whole cell con-
ductance currected for leak and normalized to mem-
brane capacitance) of J774.1 cells allowed to adhere fur
15 min to 1 h was one-half the specific K, conductance of
long-term (.~ 18 h) adherent cells (171). The increase in
specific K, conductance was assuciated with ashift in 15,
of the cells L mure negative potentials, indicating that
the K, conductance participates in setting the cells rest
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FIG. 1. Inwardly rectifying K-(K;)
currents in J774.1 cell. Patch electrode
contained (in md) 145 KCI, 1 MgCl,, 1.1
EGTA, 0.1 CaCl,, and 10 HEPES (pH
1.3). A: whole cell currents in response
to 440-ms test puises given every 8s to
potentials shown. Top: tracings from
cell held at ~80 mV and bathed in 150
mM NaCl Hanks’ solution. Botlom: trac-
ings from cell held at 0 mV and bathed
in 150 mM KCI Hanks'. B: first 5 current
tracings are single-channel currents re-
corded in cell-attached patch configura-
tion recorded in response to voltage step
to ~190 mV from holding potential of
-30 mV. Bottom tracing is averaged
current record for above tracings, com-
prised of 40 individual tracings. Cell
bath is 150 mM KCl Hanks’ solution.
{From McKinney and Gallin (170).]

lZS pA

275 msec

ing 17,. These findings are consistent with the earlier
vbservation that block of K, depularizes macrophages
170). In J774.1 cells, treatment with the protein synthe-
sis inhibitor ¢y clohexamide abolished the adherence-in-
duced augmentation of the specific K, conductance, sug-
gesting that the synthesis of new channel protein was
required for tae upregulation of these channels after
adherence (171).

In addition tu being affected by culture conditions,
two reports indicate that the K, conductance may be
modified by specific agonists. A brief report by Moody-
Corbett and Brehm (178) on rat thymus-derived macro-
phages revealed that the inwardly rectifying current
was reduced by acety lcholine and muscarine. Wieland et
al. (275) repurted that this conductance, present in HL60
cells differentiated to macruphage-like cells with phor-
bol esters (but absent from 1L60 cells that were differ-
entiated to granulocy te-like cells with retinoic acid),
sas inhibited by the addition of recombinant human
coluny -stimulating factor I. Further studies are needed
tu determine the functional relevance of this interesting
vbservation. It should be noted that a recent study by
McCluskey and Cahalan (169) demonstrated that in rat
basophilic leukemia cells the K, conduct ance is inhibited
by GTP+yS (100 M) and GppNIIp (100 M), two GTP
analugues that activate G proteins. Thus it is possible
that colony -stimulating factor 1 is blocking the K, con-
ductance in HLGO cells by activating G proteins.

II) LARGE CALCIUM- AND VOLTAGE- ACTIVATED PO-
TASSILM CONDUCTAMNCE. Single-chan.el patch-clamp
tecordings from human monocy te-derived macrophages
that have been grown in culture for 1-6 wk have demon-
strated a large-conductance K channel (240 pS in sym-
metrical I, 110 pS in 150 mM [Nal,»'5 mM (K],) (62, 166).
Similar channels are also present in human alveolar
macrophages (121) bul are absent in J774.1 cells (E. K.
Gailin and L. C. McKinney, unpublished observations)
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and in the promonoexte cell line U937 (121). Further-
more, activation of U937 cells with recombinant inter-
feron-q (1,000 U “ml), recombinant interferon-«d. (1,000
U/mh, or 12-O-tetradecanoyiphorbol-13-acetats (TPA,
10 ng/mb before recording from cells failed to induce
the eapression of the large-conductance Ca-activated K
(K, ca) channels in excised patches (121).

In cel’-attached patches from human monocy te-
derived macrophages, the K, , channel was active unly
when the patch potential was * pped o ery depolar-
ized levels (30 mVy Excisged pateh recordings indicated
that channel open time increased with both membrane
depolarization and increascd intrazellular Ca concen-
tration ({Ca}} (62). However, this channel was relatively
insensitive to [Ca], because at 3 - 10 © M {Ca], the open-
state probability of the channel at 60 mV was only
0 03-021 (6% Thus. in the macrophage, large increases
in [Ca), (~10°% M) are required to activate K, ., channels
ai negative membrane potentials. Exposing the extra-
cellular surface of the membrane to 25 nM charvbdo-
toxin [CTX; a proteinaccous component of toxin from
Leivrus quivenestriatus known to block Ca-activated K
channels in other cclls (173, 263)] or tetraethylammo-
nium ions (TEACE 15 mM) abolished K, channel activ-
ity (68).

Whole ecll currents corresponding to the activity of
K., channels have been describud in human monoc) te-
derived macrophages that were perfused intracellularly
with a saline solution containing 3 < 107¢ M Ca (68, 183).
These currents, activated during voltage steps to poten-
tials ~10 mV, were characterized by a noisy baseline
{eonsistent with a large single-channel conductance)
and had tail currents that reversed at £y (60). In addi-
tion, either CTX (60) or TEN (68, 183) blocked this
current, suggesting that whole cell vutward currents
reprecented the activation of K, ., channels. Randria-
mampita and Trautmann (212) demonstrated that in-
creasing [Ca], from 0.1 to 1 uM increased whole cell
currents in hoth J771 1 cells and mouse peritoneal mac-
rophages and that quinine (01 1 mM) markedly reduced
these currents However, unlike the K, ¢, conductance in
human monocyte-derived macrophages, the whole cell
currents they deseribed in J774.1 cells and mouse perito-
neal macrephages showed no voltage sensitivity, mak-
ing it unlikely that they were due to the activation of
K| ¢, channels.

Membrane hyperpolarizations, reflecting the acti-
vation of a Ca-activated K conductance, were first de-
seribed in mucrophages in 1975 (71, see secl. I1A311). A
cell-attached patch-clamp study by Ince et al. (117) re-
ported that, during membrane hyperpolarizations in-
duced by microdlectrude impalement, the voltage range
of activation of the K, , , channels shifted so that they
were open <07 of the time at potentials of 0 to —20 mV.
Nevertheless, studies using Ca-indicator dyes have re-
ported [Ca), increases after physiological stimulations
that are too Inw \in the range of 0.2 1 u)) (32, 129) to
activate K, ., channels at negative V. Therefore it is
not clear whether K, channels are normally activated
under eonditions of physiological stimulation, either the
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[Ca], sensitivity of the K, ¢, channels is different in situ
frum that of the excised patch or these channels open
rarely during stimulation. Alternatively, the K, ¢, con-
ductance ma) function in intracellular compartments
where [Ca}; levels may be high.

1II) CALCIUM-ACTIVATED INWARDLY RECTIFYING
POTASSIUM CONDUCTANCE. Gallin (63) has demon-
strated in cell-attached patches from cultured human
macrephages that buth ionomycin (Fig. 2) and platelet-
activating factor, two substances known to transiently
increase [Cal, induced bursting channel activity that
was very different from Kj ¢, channel activity. In these
studies, the induced currents, which were permeable to
K and puvorly permeable to Na and CJ, had single-chan-
nel conductances (with 150 mM KCI in the pipette) for
inw: i currents of 37 pS; channel activation was inde-
pendent of voltage. Similar channels have been de-
scribed in human alveolar macrophages (120a).

The Ca-activated inwardly rectifving K (K;ca)
channel in cultured human macrophages can be differ-
entiated from the K; channel on the basis of its Ca sensi-
tivity, its conductance {37 vs. 29 pS for inward currents),
its kineties (bursting vs. nonbursting), its lack of voltage
dependence, and its differing sensitivity to block by ex-
ternal Ba. Three millimolar Ba, a concentration that
completely blocked the voltage-dependent K; channel
(170), did not significantly block the K; ¢, channel at the
resting 17, and produced only a partial block when the
patch was hyperpolarized (63).

An inwardly rectifving K channel, the open proba-
bility of which was independent of voltage but depen-
dent on [Ca};, also has been reported in excised inside-
out patches from U937 cells (121) and in cell-attached
patches from mouse peritoneal macrophages after ex-
posure Lo 100 uM ATP (104). In contrast to the findings
in human macrophages, the single-channel conductance
in patches from U937 cells and from mouse peritoneal
macruphages was only 25-28 pS at voltages between ~40
and 100 mV. Similar Ca-activated inwardly rectifying
K channels with single-channel conductances for in-
ward current ranging from 50 tv 25 pS have been de-
scribed in lymphoceytes (160), ervthrocytes (93), and
HeLa cells (227, 228).

Both spontaneous and Ca ionophore-induced oscil-
latory membrane hyperpolarizations have been re-
corded in macrophages using intracellular microclee-
trodes (71, 201), and it is likely that K;¢, chunnels
(rather than K, ¢, channels) are responsible for these
events because I) the K; ¢, channel is active at the rest-
ing 17, after exposure to ionomycin, whereas the K ¢,
channel is not, 2) the bursting pattern of the K;, chan-
nel is oscillatory, and ) the activity of the K; ¢, channel
is associated with the oscillatory changes in 17, induced
by ionomyein.

As noted in the previous section, Randriamampita
and Trautmann (212) reported a linear increase in
membrane conductance in whole cell recordings of

774.1 cells and murine peritoneal macrophages ob-
tained under conditions of high [Ca};, which they con-
cluded was due to a voltage-insensitive Ca-activated K
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vultage stale in butiom tracing. B. current-soliage of V) rcdatonshap shuwang insard recufication of wnomyan-induced channels, Single-chan-

nel conductance for inward currents = 37 pS. [From Gallin (63).)

conductance. lthough it is possible that this cunduc-
tance was due to the activation of K, ., channels, the fact
that the conductance repurted by Randriamampita and
Trautmann (212 showed no rectification argues against
this possibility.

IV) INACTIVATING OUTWARD POTASSIUL: CHANNEL.
An inactivating vutward K (K, conductance has been
described at the whole cell current level in resident
mouse peritoncal macrophages 1290), caltured human
bluod-derived mounocy tes (183, 185), cultured human al-
veolar macrophages (184), and two macruphage-like cell
lines, J774.1 (70, 212) and P388D1 {245). This cunduc-
tance activated at potentials positive to 50 mV.
Current activation had a time course that fit first-order
kinetics with a time constant that decreased for steps to
more depolarized potentials (183). Inactivation of the K,
current alsv could be fit by a single expunential with a
time constant ( ~ 340 ms) that was insensitive to voltage
for potentials pusitive to 20 mV (70). The K, currents
were bluched by exatracellular {-aminopy ridine (4-AP,
~5 mM) and by intracellular Ba, Cs, and TEA (70, 183,
290). External TEA (10 mM) alsv partially bloched the
current (290). Similar vutward currents have been de-
scribed in detailin T Iy mphocy tes (17) and are discussed
in section 17,11 Ypey and Clapham (290) recorded a 16-
pS channel in vutside-out eacised patches under condi-
tions of asymmetric K (140 mM in pipette, 2.8 mM in
vath) that, during depolarizing voltage steps, was acti-
vated in o time-dependent manner similar to the whole
cell K, currents.

There is no consistent pattern of K, channel expres-
sion across different types of macrophages, it was re-
ported in only 37 of the recordings from cultured
blood derived human monuey tes, whereas it was noted
in 5307 of the recordings from cultured human alveolar

macrophages (184). Furthermore, for a given type of
macrophage, the K, conductance appears to be variably
eapressed with time in culture. For example, in J774.1
cells, K, currents were described in a percentage of cells
recorded from 1-8 h after adherence but were rarely
present in cells from long-term adherent cultures (70).
Ypey and Clapham (290), using resident mouse perito-
neal macrophages, reported that K, conductance was
absent during the Ist day after isolation but was present
in 967 of cells cultured 1-4 days. Randriamampita and
Trautmann (212) also recorded ovutward currents in
mouse peritoneal macrophages cultured for 1-2days but
found that the currents decreased after 3-6 days in cul-
ture. Interestingly, in those cells, fluid movement
caused by perfusing the bathing medium increased the
vutw ard K current (212), whereas the addition of 2 mM
N-furmy I-methionine-leucine-phenylalanine (FMLP, a
chemotactic peptide), histamine (20 mM), brad; kinin
120 uM), and acety Icholine (30 uM) had no effect on the
K, current (290). (However, it should be noted that
mouse macrophages do not respond to FMLP.) Finally,
Nelson and colleagues reported that in human blood-
derived monocytes, phorbol esters decrease the ampli-
tude of the K, current (185) and that treating cells for 24
h with bacterial lipolysaccharide (LPS) increased the
percentage of cells expressing K, current from near 0%
to 307% (120).

V) POORLY INACTIVATING OUTWARD POTASSIUM
CHANMEL. A second vutward K conductance has been
reported in a whole cell patch-clamp study of cultured
humaa blovd-derived monveytes (183). This conduc-
tance, noted in the majourity of the cells studied, acti-
vated at voltages more positive than 10 mV and eahib-
ited no steady -state inacti.ation for holding potentials
of 60 to 0 mV, Inactivation, present for voltage steps
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~0 mV, could be fit by a single eaxpunential with a time
cunstant of 951 ms at 10 mV. How ever, unlihe the inacti-
vating K, conductancy, little cumulative inactivation of
the poorly inactivating outward K (K, .) conductance
was noted. Intracellular Cs bluched the current, as did
extracellular TEA (4 mM). This current is similar to the
slowly inactivating K, cunductance that activates at
voltages of >0 mV, which has been described in murine
T Iymphocytes (37; see sect. 1vA 7).

2. Chloride conductances

Three different Cl conductances have been de-
seribed at the single-channel level in excised patch-
clamp studies of macrophages. At the whole cell level,
Nelson et al. (183) reported an outward current in hu-
man monocyte-derived macrophages under conditions
where the patch electrode contained either Cs or Na in-
stead of K. The authors concluded that this current was
probably a Cl current because 1) its amplitude was re-
duced, and its reversal potential shifted when CI was
replaced with the anion aspartate; and 2) it was blocked
by the anion channel blocker 4-acetamido-4-isothio-
cyanostilbene-2,2-disulfonic acid (SITS; 1 mM). How-
ever, it is not clear whether this whole cell current
corresponds to any of the three Cl channels described in
single-channel studies.

I) LARGE-CONDUCTANCE CHLORIDE CHANNEL. A
very large-conductance Cl (Cly,) (180-390 pS;j channel
was first reported in mouse peritoneal macrophages by
Schwarze and Kolb (236) and has been described more
recently in excised patches from two macrophage-like
cell lines, J774.1 (212) and U937 (121). This channel is
very similar to the large Cl channel described in rat
skeletal myotubes (9), lvmphocytes (12, 167, 195), and
other cells. In mouse peritoneal macrophages, Cl;, chan-
nel activity was absent in cell-attached patches but be-
came activated when cells were exposed to the Ca iono-
phore A23187 or when the patch was excised (236). Simi-
lar findings were reported by Randriamampita and
Trautmann 212, in both mouse peritoncal macrophages
and J774.1 cells, where the channel, rarely active in cell-
attached patches, was frequently seen In excised
patches. In both mouse peritoneal macrophages (236)
and U937 cells (121), after excision of the patch a lag
occurred before the Cl, channels were observed. This
observation has led Kanno and Takishima 1121) to pro-
puse the existence of an in situ factor that inhibits these
channels.

The Cl;, channels in mouse peritoneal macrophages
had a selectivity ratio for Cl vver Na of 5.1 (236) and a
Cl-to-cation permeability rativ of between L and o
1212). Multiple subconductance states of the Cly, channel
were noted in buth mouse peritoneal macrophages 1236,
and U937 cells (121). In 1937 cells the subconductance
states were unaffected by the pH buffers N-2-hydrox-
yethylpiperazine-N'-2-¢thanesulfonic acid (JIEPES),
tristhydroxy methy haminomethane (Trisy, or N, N bis-
thydroayethyi)-2-aminvethanesulfonic acid (BE3), and
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neither intracellular pH (pH,) nor Ca affected the open
prubability of the channel or the frequency of appear-
ance of the subcunductance states (121). Kanno and Ta-
hishima (121) reported that in U937 cells, the anion
transport blucker 4,4-diisuthiocyanostilbene-2,2-disul-
funic acid (DIDS, 100 M) produced a flickery block of
channel activity, whereas increasing DIDS to I mM irre-
versibly blocked the channel.

The Cly, channel exhibiced complex bursting behav-
jor with at least three kinetically distinguishable non-
conducting states (236). Channel activity (in symmetri-
cal saline solution) could be induced by stepping to hold-
ing potentials on either side of 0 mV but were
inactivated subsequently with the rate of inactivation
increasing as the magnitude of the voltage jumps in-
creased (236). Randriamampita and Trautmann (212)
reported a somewhat different behavior for the Cl
channel in both mouse peritoneal macrophages and
J774.1 cells in that the probability of channel opening
was high at positive potentials (up to 40 mV) and de-
clined at hyperpolarized potentials or when the patch
was depolarized beyond 40 mV.

The Cl;, channel has been modeled using two volt-
age-sensitive gates in series to describe the voltage-de-
pendence of the burst kineties for the channel (236).
Schwarze and Kolb (236) suggested that the voltage-de-
pendent gating properties of the Cly, channel resemble
the properties of voltage-dependent gap junctions and
that the Cl,, channel may play a role in intercellular
communication. However, octanol, a blocker of gap
junction channels, does not block these channels, sug-
gesting that they are not related to gap junction chan-
nels (212).

Although cell-attached patch experiments indi-
cated that this channel is quiescent in resting cells, Cl;,
channels were elicited by perfusing mouse peritoneal
macrophages with zymosan (a particulate fraction of
yeast cell wall that macrophages can ingest) during cell-
attached patch recordings (125, 258).

11) INTERMEDIATE-CONDUCTANCE CHLORIDE CHAN-
NEL. In addition to the Cl, channel, two other smaller
conductance Cl channels were noted 10 s to several min-
utes after excising patches from U937 cells (121). Insym-
metrical 150 mM NaCl, an intermediate Cl channel (Cl)
that exhibited outward rectification and had a chord
conductance of 17 pS between 0 and 100 mV was ob-
served in excise patches. The channel had a Cl-to-Na or
K permeability ratio of 4.8, which is similar to the cat-
ion/anion selectivity of the Cl;, channel, and although
the permeability sequence for anions was not examined
in this study, the authors reported that the Cl, channel
was less permeable to CH,SO; than to CI (121). Channel
activity, which appeared in bursts, decreased with in-
creasing membrance depolarizativn or hyperpolariza-
tion, but channels were generally more active at positive
potentials than at negative potentials. Stability plots of
channel activity suggested that at least two modes of
channel behavior were present. Neither changes in [Caj
nor pH, affected open probability or moding behavior.
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In addition, DIDS (10 100 M) bluched this channel in a
dose-dependent rexersible manner.

) SMALL-CONDULCTANCE CHLURIDE GCHANNEL. A
stall Cl channel with a slope conductance of 15 pS at 0
mV in sy mmetrical 150 mM NaCl was alsv noted in ex-
cised patches from U937 cells 1215, The channel Ci-to-
Na permeability ratio was 156, thus the small-conduc-
tance ClClyy channel Lad a greater anion-to-cation se-
lectivity than the other Cl channels described in
macrophages. It also was insensitive to [Ca};, and was
less voltage sensitive tha.. the Cl, channel.

3. Nonselcetive cution comduclancets)

Two studics, une measuring single-channel cur-
reals and the othir measuring whole cell currents, sug-
gosted thal macrophages pussess punseledtive cativn
channels. Lipton {155 described an increase in single-
channel activity in cell-attached patches from the mu
rin¢ mecrophage cell line P3SSDY after eapusure to im-
munuglobulin G2b IgG2b) or to immune compleaes but
not ofter eapusurc to ascites fluid with JgG2a. Excised
patches from cells that had been eapused te antibody
rescaled similar dhanned activity that was unaffected by
inic substitutivns of Na, K, or Cs. Channel activity with
scrveral different conductances was nuted, including one
ranging from 35 to 45 pS and another ranging from 120
to 150 pS. The reversal potential of the channels under
conditivns of a fvefold salt gradient across the patch
indicated that these channdds were permeable to cativns
but not to aniens. Channel adivity increased signifi-
cantly when [Caj, was raised, supporting the view that
the channcls were Ca gated. These observations are
yuite interesting, but unfortunately, they have not been
confirmed or exter.led.

Slonly aclivating outward currents were reported
in whole «ldi patch recordings frum cultured human
bluud-derived monoay tes during voltage steps to -20
mV (183, These currents were inhibited by external Zn
{1 100 xMi and were present when the patch pipetic
conlained Cs, K, or 21a. In addition, substitution of Cl for
aspartate or gluconate did not alter the current ampli-
tude, leading the authors o conclude that it was a non
sclective Cation current. Because the currents activated
atl ser) pusitive polentials, it seems unlihely that they
represent activation of the channels described by
Lipton (155).

4. Cowdnelnices indueci by specific ligauds or ecll
Junctinns

11 ADENOSINE TRIFPLUSPHATE. Extracellular ATP
J00 1,000 AL permeabiiizes the membrane of murine
macrophages and J77.4.1 cells to cations (261) or to small
{<461 Da) membranc-impermeant molecules, such as
Lucifer yellow (262). The enhanced permeability does
not involve hydrolysis of ATP by an ecto-ATPase, be-
cause addition of Mg twhich is required for ATPase ac-
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tivity ) inhibited permeabilization, and the poorly hy-
drolyzable ATP analogue ATP+S (in the presence of 1
mM EDTA) alsu increased cation efilux (261, 264). Fur-
tLermore, by growing J774.1 cells in the presence of
ATP, an ATP clone of J774.1 cells w as obtained that had
normal ecto-ATPase activity but failed to respond to
ATP with an increase in permeability (262). Similar
ATP-induced permeability changes have also been dem-
unstrated in rat mast cells 130) and in chronic Iympho-
cyte leukemic cells (279).

Whole cell patch-clamp techniques have demon-
strated thzt ATP permeahilization is associated with a
rapid memcrane depolarization and an increase in
membrane conductance (16). Unfortunately, cell-at-
tached patches with ATP in the patch electrode did not
reveal single-channel currents (16). Therefure further
studies are required to determine whether ATP directly
activates 2 membrane channel or whether itsccondarily
releases an intracellular signal that upens a channel.

The phasiolugical significance of the ATP-induced
cunductance is unhnown. It is likely that macrophages
are exposed to exogenous ATP, because they are often
present at sites of cell injury and with cells, such as
platelets, the secretony granules of which contain ATP.
The ATP-induced permeabilization, therefore, is lihely
tu uccur under physiological circumstances 2nd may be
impurtantin regulating the subsequent respunses of the
macrophage.

) PHauoCYTUSIS. Phagocytes ingest particles
through receptors for the Fe domain of IgG. as well as
threugh complement receptors or through nen-recep-
tor-mediated mechanisms 1252). The 1onic requirements
or signaling events that underlic different kinds of
phagoecy tosis can differ. For example, C3bi'-mediated
phagocy tosis vccurs at very lon levels of free [Cal,
whereas Fe-mediated phagocytosis is inhibited by those
cunditions144). The role of junic conductances in phago-
¢y tosis has best been studied during Fe-..ediated phago-
cytusis, where evidence exists that ionic conductances
are actisated during phagocs tosis and that the Fe re-
ceptor itself may be an ionic channel. However, as dis-
cussed neat, these results are somen hat controversial.

In the first of a series of studies on the Fe receptor,
Young et al. 12561, using tetrapheny Iphosphonium ions
«TPP") to indirectly monitor 1. demonstrated that the
binding and cross-linking of the 12b/ %1 Fe¢ receptor by
IgG or immunc compleaes depolarized J774.1 cells. The
depolarization required a multivalent Fe ligand and was
dependent on external Na. In a related study, in which
purified 32b/y1-Fe receptors were inserted into lipid
vesicles, ligand binding to an Fe¢ receptor containing
proteoliposomes increased cation permeability (257, Fi-
nally, Young et al. t255) demoenstrated that adding Ii-
gand to bilay ers cantaining Jhe Fe receptor induced cat-
wn-selective ion channels that had a conductance of 60

®rhi is a eleavage jroduet of the thind esmypeonen? of mmpdle-
mient that hindz tnthe virfase wf particles sz a vansejuence nfenmple-
ment acts stion and rerders fartseles recoymizable by phagocstse lea<
kaevtes, therehs serving as an opsanmn.
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pS in symmetrical 1 M KCl and that inactivated several
minutes after the addition of ligand.

If the Fe receptor complex is an ivnic channel, then
it follows that iunic currents should be evident during
electrophysivlogical recordings from cells that are in-
ternalizing IgG-coated particles or aggregated IgG
(algG). Several studies directly monitored channel activ-
ity in intact macruphages or nacrophage membranes
before and after addition of algG. Nelson et al. (182)
recorded whole cell currents as well as single channels
in human alveolar macrophages expused to algG. The
application of algG tu cells during whole cell recordings
produced an inward current that diminished with suc-
cessive applications of algG, indicating that the re-
sponse desensitized. In cell-attached patches, channel
activity was noted only when the electrode contained
algG and not when algG was applied to the bath. The
channels had a unitary conductance of 350 pS in symmet-
rical 140 mM NaCl Hanks’ solution. Changing the per-
meant cation from Na to K did not affect the reversal
potential, indicating that if the channel was a cation
channel, it was nonselective. Unfortunately, similar re-
sponses have not been noted in patch-clamp studies of
J774.1 cells exposed to ligands that bind to and cross-
link the Fe receptor (D J. Nelson, personal communica-
tion). In addition, there is a significant difference be-
tween the value of conductance obtained in this study
(350 pS in phyriological saline) and that obtained by
Young et al. (288) on the isolated Fe receptor (60 pS in
symmetrical 1 M KCl).

The Fe receptor-ligand complex may indirectly ac-
tivate ionic channels through a second messenger (114,
165) As discussed in section 11143, when IgG2b was
added to the bath during a cell-attached recording from
P338D1 cells, multiple single-channel current ampli-
tudes were evident, representing either several differ-
ent types of channels or a single-channel type with dif-
ferent subconductance states; the smallest channels had
conductances of 835-45 pS and were cation selective (155).
Channel activity could be maintained after excision of
the patch, and activity was modulated by changes in
[Ca], Lipton (155) suggested that these channels are ac-
tivated by [Ca), increases that occur after binding and
cross-linking of the Fe receptor. Using a similar experi-
mental protocol in patch-clamp recordings from cul-
tured human macrophages, Ince et al. (114) demon-
strated transient changes in background current along
with the activation of several types of channels with
conductances ranging from 26 to 163 pS after ingestion
of either IgG-coated or unopsonized latex beads. In this
study some of these channels reversed near EYy, but the
ionic selectivity of these channels was not investigated.

In contrast to these studies, Randriamampita and
Trautmann (212) reported that ion-channel activation
does not necessarily occur during Fe-mediated phagocy-
tosis; during whole cell patch-clamp recordings, expo-
sure of murine macrophages to algG or to the monoclo-
nal antibody 2.4G2 did not induce membrane currents.
In addition, resting V, values obtained from whole cell
recordings immediately after macrophages ingested op-
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sonized erythrocytes were identical to those obtained
before phagocytosis. Thus they concluded that Fe-me-
diated phagocytosis can occur under conditions where
no detectable conductances are activated. These find-
ings agree with the observations of Gallin'(63) in which
intracellular recordings from mouse peritoneal macro-
phages before and during ingestion vf upsunized erythro-
cytes indicated that phagocytosis occurred without any
changes in 17, or input resistance. The discrepancies be-
tween these ubservations and those already discussed
indicate that the ionic events associated with Fe-me-
diated phagocytosis are still unresolved.

5. Physivlogical role of ionic conductances

1) SETTING MEMBRANE POTENTIAL. The resting V,
of the macrophage or of any other cell influences cell
function by affecting the gating of voltage-dependent
ion channels, the diffusion of ions through non-volcage-
gated channels, and the transport of ions and/or sub-
stances that use ions as cotransporters. The relation-
ship between resting V), and ionic permeability has been
studied most thoroughly by Ince et al. (116) in human
monocytes. Using ion-substitution experiments, they
demonstrated that the iniwracellular content of Na, K,
and Cl in human monocytes is 21, 122, and 103 mM, re-
spectively, and that resting V), is dependent on external
K for [K] > 10 mM. [It should be noted that the value of
108 mM for [Cl], is surprisingly high and differs consider-
ably from the values of 44 and 86 mM for J774.1 and
HLGE0 cells, respect:vely (173, 216a).2] Below 10 mM K the
Cl permeability also affected V,,, whereas changing
[Na], had no effect on resting V.. Thus in human mono-
cytes and in monocyte-derived macrophages where rest-
ing V,, values ranging from —30 mV to —56 mV have
been reported (68, 116, 118, 183), both Cl and K conduc-
tances/transporters participate in setting V. In addi-
tion, the Na-K pump contributes between -7 and —11
mV Lo the resting V,, of macrophages (66).

When present in macrophages, the K; conductance
plays a role in maintaining the V,, close to .7. Support
for this conclusion comes from the finding that macro-
phages exhibiting this conductance had resting V,, val-
ues closer to Iy than macrophages that did not express
this conductance (65, 68, 70, 212) and that Ba (2.5 mM),
which blocks the K; conductance, depolarized J774.1
cells by =220 mV (70). Furthermore, in J774.1 cells, the
presence of this conductance was associated with a shift
in the resting V7, to more hyperpolarized levels (171). In
macrophages in which the K; conductance sets the rest-
ing V., a small inward current that might be produced
by the activation of a specific conductance or a nonspe-
cific leak conductance can result in two stable states of
resting membrane (—28 and —80 mV) (65). This phenom-
enon, which is related to the steep voltage dependence of

2 This diserepancy may be due to the fact that the [Cl); in human
monueytes was measured in HCOz-free medium (71a).
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the K, conductance, hus alsu been reported in rat baso-
philic leukemia cells (154) and in cardiac Purkinje fibers
(60) and may be functivnally important.

Although the K conductance, if present, plays a sig-
nificant role in setting the resting V7, of the cells, it
should be noted that vther K conductances may also con-
tribute to the resting V,,. For example, Ypey and Cla-
pham (290) reported that mouse peritoneal macro-
phages cultured for 21 h displayed ounly a K, condac-
tance, not u K, conductance, and these cells had resting
Va values of 80 to 90 mV (equal to £y). Because the
K, conductance was reported to activate at potentials
positive to -60 mV, it is not clear which K conductance
established the resting V7, in these cells.

In macruphages, as in other cell types, V7, affects
voltage-dependent lonic conductances and other trans-
port processes that depend on ivnic gradients, such as
Na-dependent amino acid transpo.ct. Several studies
have examined the phagocy tic ability and the NADPH
oxidase activity of macrophages depolarized by high-K
medium to determine if & negative V7, is required for
these processes. Pfefferkorn (203) reported that J774.1
cells ingest the opsonized protozoan parasite T, gondii
normally in 120 mM K medium (which depolarizes mac-
rophages to near 0 mV, unpublished observations).
Phagocy tusis of unupsvnized zy mosan by murine perito-
neal macruphages alsu oceurs normally in high-K me-
dium, althuugh high-K medium does prevent the indue-
tivn of phuspolipase activity that normally vceurs after
ingestion of zymosan (1. Depolarization by high K does
not induce superoaide release in mouse perituneal mac-
ruphages, nor does it interfere with the release of super-
oaide induced by phorbul myristate acetate (PMA)
{123). Similar results were noted when FMLP-induced
superoalde release was measured in guinea pig alyeolar
macruphages depolarized by incubation in 110 mM K.'35
mM Na medium. In these cells, increasing [K]) to 142
mM (and decreasing [Na], tv 4 mM) decreased superoa-
ide production by 257, but thi. lecrease was due to the
[Na], decrease rather than to the increase in [KJ, (110).
11) OSCILLATIONS IN MEMBRANE POTENTIAL. Intra-
cellular microelectrode studivs have shown that both
human and murine macrophages exhibit spuntancous
and clectrically or mechanically induced vscillations in
Vi fromalevel of 300r 40 mV to putentials near Ey
(approximately 50 mV) (45, 71, In addition, hyperpo-
larizativns that sumetimes uscillute can be induced by
addition of Ca iunuphures or chemotactic factors (64,
71). Because none of the above treatments dependably
induced vscillations in V), these events have been diffi-
cult to study. More recently, Soldati and Persechini
(257) repurted that, in the absence of Na, large depolar-
izing voltage steps reliably induced 1V, vscillations in
mouse macrophage polykaryons.

Hjy perpolarizing membrane uscillations have been
ascribed tu the activation of 4 Ca-dependent K conduc-
tance, because they involved an increase in conductance,
reversed near By, were blocked by ethylene gly col-bis(g-
aminoethyl ether)- NN, NN -tetraacetic acid (EGTA),
and were induced by cither jonomycin (48, 71) or the
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intracellular injection of Ca (202). The 17, oscillations
were not blocked by TEACI (50 mM), but they were
blocked by the addition of either quinine (0.2-1.5 mM) or
Ba (20 mM) (4, 117). As discussed in section IILA 1111, it is
likely that the K| ¢, conductance underlies the V7, oscil-
lativns, althvugh it should be noted that Ince et al. (117)
repurted activation of large-conductance channels (pre-
sumably K ¢, channels) during mechanical microelec-
trode-induced hyperpolarizations in human macro-
phages. Further studies on the effects of pharmacologi-
cal blockers on both K, ., and K ¢, conductances and the
Vi uscillations are needed to determine if both these
channels play a role in V), oscillations.

Ince et al. (115) recorded rapid transients immedi-
ately after micruelectrode impalement and concluded
that spontancous oscillations in 1, were an artifact of
recording induced by a leak of external Ca into the cell
after impalement by micruelectrodes. However, experi-
ments recording currents with patch-clamp electrudes
in the cell-attached patch and whole cell configurations
(where electrode-induced leak current was negligible)
confiimed the L sence of spontaneous 17, oscillations
(63, see section nrdizin). Interestingly, Kruskal and
Maxfeld (129) have demonstrated thal spontaneous
uscillations in [Ca], vccur in macrophages after adher-
ence. Itis likely that the uscillations in[Ca), are linked to
the activation of K cunductance and that 17, oscillations
veeur under physiological conditivns. However, the
functional relevance of these oscillations is not known.

[11) CHANGES DURING MATURATION OR AFTER ACTI-
VATION. Macruphages orginate from bone marrow pro-
monoc) te cells that are released as monocy tes into the
blood whe:  they circulate, leave the circulation (with a
half time of 17 h), emigrate into tissues, and mature into
resident tissue macrophages (272). Tissue macrophages
eaposed tv microvrganisms, LPS, and a variety of cyto-
kines can be activated to exhibit enhanced tumor cell
killing and increased secretory responses, and it has
been well documented that after activation some of
their surface antigens differ from thuse of monocytes or
of resident tissue macrophages (272).

Several studies have indicated that maturation
and,'or activation can modulate the eapression of ivnic
conductances. In human peripheral bluod monocytes the
expression of the K; ¢, channel increased during the
first 7 days in culture, a time perivd during which mono-
¢ytes mature into macrophages, <5% of cell-attached
patches obtained from cells 24 h after plating exhibited
this channel, whereas ~80% of the patches obtained
after 5 days in culture did exhibit this channel (68). If it
is true that the K, ¢, conductance is absent from freshly
isulated blood mounocytes, then the presence of these
channels (in the plasma membrane) must not be re-
quired for phagocytosis, chemotaxis, and other func-
tions that are normally carried out by peripheral blood
monocy tes. How ever, this ubservation has not been con-
firmed in a recent study of whole cell currents in cul-
tured human blovd-derived monocy tes by Nelson et al.
(183). In J774.1 cells, adherence is the trigger for in-
creased channel expression. As discussed in section
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1L, a twofold increase in the density of K, channels
occurred during the first 18 h after adherence (171). It is
well known that adherence itself can “activate” macro-
phages to increase responsivencess to a variety of stim-
uli (31).

The activating stimuli LPS also modulates the ex-
pression of ionic currents in macrophages. Juw and Nel-
son (120; see sect. 1114 11v) showed that treating cultured
human peripheral blovd-derived maervphages for 24 h
with LPS increased the percentage of cells eapressing
the K, current from ~0tv ~307 . In cuntrast, the same
treatment in J771 1 cells did not increase the K, current
but deereased the density of K, channels compared with
untreated cells (171) This was due to the fact that LPS-
treated J7711 cells increased their membreane area (as
measured by membrane capacitance) more than they
increased K; channel expression.

1V) OTHER POSSIBLE FUNCTIONS. With the exception
of the role of the K; conductance in setting V,,, the role of
ionic conductances in macrophage function has not been
established. These conductances are likely to serve sume
of the same funections in phagocytes that they du in
other cells Thus the K, conductance may be important
for restoring V, to negative values after depolarization,
The Ca-activated K conductances may have 4 similar
role after the transient increases in [Cal, that occur dur-
ing phagocytosis (114, 283) and after activation with
chemotactic peptides (102). It is also possible that Cland
K conductances play a role in volume regulation in the
macrophage, as they do in other cell types (190). Al-
though ion-sensitive microclectrodes used in studies of
mouse macrophage polykaryons have demonstrated
that [K], does not change during spontancous membrane
hyperpolarizations (202), Holian and Danicle (110) dem-
onstrated that there was a 177 decrease in [K}, in hu-
man alveolar macrophages 20 min after stimulation
with the chemotactic factor N-formyl-methiony l-phe-
nytalanine (FMP) Changes in [K], could influence syn-
thetic processes (135, 217, 271) and receptor-mediated
endoceytosis (134). Intracellular K levels might also mod-
ulate the contractile machinery of the macrophage, be-
cause the macrophage contains an actin-modulating
protein, acumentin, the activity of which is modified by
changes in [KJ; (100-200 mM) (259).

Only & few preliminary studies have investigated
the effect of pharmacological blockers of iunic conduc-
tances on phagoceyte functions. In J771.1 cells, Ba (2
mM). which blocks the K, channel, does not block che-
motaxis in response to endotoxin-activated mouse
serum, release of hydrogen peroside after stimulation
with PMA, or phagocytosis of opsonized ervthrocy tes
(unpublished nbservations) Therefore it is unlikely that
the K, conductance plays a crucial role during these
events, In alveolar macrophages the extracellular Ca-
dependent component of the K efflux stimulated by
FMP is blocked by quinine {1 mM), a well-known inhibi-
tor of Ca-activated K channels (110). Quinine alsv
blocked the FMP-induced releasc of superoaide in these
cells, but the inhibitory effect of quinine alsv occurred
under conditions in which the FMP-induced K efflua
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was absent (low extracellular Ca), indicating that these
two effects of quinine were not directly related (110). In
human peripheral blood-derived macrophages, TEA (10
mM), which blocks Ky, ¢, channels, did not inhibit che-
motaxis toward FMLP (unpublished observations). Ad-
ditivnal studies examining the effects of blockers should
help to clarify the role of ionic conductances in macro-
phage function.

The observation that buffering [Ca], to 1-10 nM in
J774.1 cells has no effect on cell spreading or the inges-
tivn of IgG-coated erythrocyte ghosts (46) suggests that
Ca-activated ion channels are not required for these
events. This is consistent with the lack of K|, ¢, channels
in the plasma membrane of freshiy isolated human pe-
ripheral bloud monoeytes (68), even though they are ca-
pable of carrying out phagocytosis.

B. Neutrophils

Neutrophils, also called polymorphonuclear leuko-
¢y tes because of their multilobed nucleus, are the most
prevalent bluud phagoceyte. These cells contain numer-
ous secretory granules. After phagoeytosis or stimula-
tion with a variety of factors, including leukotriene B,
and platelet-activating factor (PAF), the contents of
these granules arc released along with superoxide and
other free radicals formed during the oxidative burst.
Neutrophils are very motile cells and are often the first
cells found at sites of infection. Thus they are very im-
portant in phagoeytosing and killing invading bacteria.

Although only two electrophysiological studies
have been performed on neutrophils, these studies indi-
cate that neutrophils exhibit at least four different ionic
conductances. Future studies are needed to further char-
acterize cach of these conductances, to determine what
additional conductances are present in neutrophils, and
to understand their relevance to the large body of infor-
mation that has accumulated from biochemical, flux,
and fluorescence measurements.

1. Potassiwm conductances

1) OUTWARD POTASSIUM CONDUCTANCE. Whole cell
patch-clamp experiments in human neutrophils have
demonstrated a current that activated at positive po-
tentials and reversed around —-25 mV when NaCl was
the predominant salt in the bath and the pipette con-
tained KCl/K-uspartate (128). This current, which had a
threshold of activation of —60 mV, was reduced when
the pipette concentration of K was reduced but was un-
affected by changes in the Cl concentration. Unlike the
inactivating K, current described in macrophages (290),
this current showed no inactivation during depolarizing
voltage steps up to 4 s, Furthermore, pharmacological
studies indicated that the current was not blocked by
CTX (1,000 uM), apamin (20 nM), quinine (200 uM), or
1-AP (10 mM). The authors speculated that this channel
may be respunsible for maintaining the resting V,, (128).
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II) CALCIUM-ACTIVATED POTASSIUM CONDUCTANCE.
Krause and Welsh (128) also observed that ionomyein
produced an increase inoutward current that was two-
fold larger when the pipette contained KCl than when it
contained NuCl. When the pipette contained NaCl,
changing the buth solutivn to Na-isethivnate abulished
the ivnumycin-induced current, whereas it only par-
tially decreased the fonomycin-induced current when
KCl was in the pipette. These data suggest that human
neutrophils have o Cu-activated K conductance (in addi-
tion tu 4 Cu-activated Cl conductance deseribed in sect.
B3 The presence of 4 Ca-activated K current was
further corrvburated by the ubservation that ionomycin
induced utward cutrents in whole el pateh-clamp re-
curdings dune un human neutrophils in symmetric K-
aspartate solutions (128).

2 Caleium-activaled cation conductance

Von Tscharner et ol (276), using patch-clamp tech-
nigues to examine onic channels during stimulation
with the chemotactic peptide FMLP, demonstrated that
adding FMLP tu the buth during cell-attached patceh re-
curdings induced two different Ca-activated cation-non-
selective channels. The presence of FMLP in the pateh
pipette did not increase the probability of channel open-
ing, indicating that the activated channels were not di-
rectly coupled to the FMLP receptor. Depleting [Cal, by
loading cells with fura-2 prevented FMLP-induced
channel activation, and treating cells with saponin to
increase [Cu, activated channels in the absence of
FMLP. Thus FMLP-uctivated channels appeared to be
Cu activated Twu ty pes of single-channel currents with
conductances of 18 25 and 1-6 pS were identified. Iun-
substitution experiments indicated that they were
equally permeable to K, Na, and Cu. Inusitol trisphos-
phate, which releases Ca frum intracellular stores in
neatrophils (260), failed to induce the activity of these
channels when added to the inside sutface of the mem-
brane. (The pussible relevance of these channels to
FMLP-induced increases in[Cal, are discussed in section
B4

3. Chloride conduciances

In whole el patchi-darp recordings from human
neutrophils expused tu jvnomycin, Krause and Welsh
(128) reported that substituting isethionate for Cl in the
bath deereased by $077 ) the currents in response to pusi-
tive voltage steps and shifted the reversal potential fo.
the currents to mure pusitive putentials, suggesting that
neutrophils also display o Ca-activated Cl conductance.
The current that was sensitive tu removal of Cl had no
appdrent voltage sensitivity. Whole cell Cl currents
were also deseribed in a preliminary study of human
neutrophils by Schumann et al. (235).
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4. Physiological role of ionic conductances

I) SETTING RESTING MEMBRANE POTENTIAL. There
are no direct electrophysiological measurements of the
resting 17, in neutrophils, but measurements with the
indirect probes triphenylmethylphosphonium (TPMP*)
(240), TPP* (179), and the fluorescent dye 3,3-dipro-
pylthiadicarboxycyanine [diSC,;(5)] (255) have yielded
resting V7, values for suspended neutrophils of -54, -67,
and -353 mV, respectively. From the resting 17, value
and iun fluxes, Simchowitz et al. (255) calculated the
relative ionic permeability of the neutrophil membrane
to K, Na, and Cl to be 10.1.1. They concluded that the
small permeability to Na accounts for the deviation of
the resting V7, from Ey at physiological [K}, (4.5 mM),
while above 10 mM [K],, V,, follows E}. Unfortunately,
no data exist about the particular ionic channels that
underly resting V..

Although it is clear from experiments measuring
V. with voltage-sensitive fluorescent probes that
various substances that activate neutrophils produce
changes in 17, (238, 268), the events underlying these
putential changes are poorly understood, and their rela-
tionship to signal transduction is unclear. For example,
neutrophils depolarized by high K can still migrate in
respunse to FMLP (179, 248). Although Roberts et al.
(221) demonstrated that the number of neutrophils mi-
grating in high-K./low-Na medium is increased, this in-
crease was due to the reduction in extracellular Na and
not to the increase in K, Furthermore, data on the rela-
tivnship between depolarization induced by high K and
the uxidative burst have demonstrated both decreases
(126) and increases (156) in superoxide generation, and
these changes have been attributed to the effects of Na
removal rather than to membrane depolarization.

11) UTHER PUSSIBLE FUNCTIONS. The Ca-activated
conductances described are likely to be activated by the
biphasic rise in [Ca), that vccurs in neutrophils after
stimulation by a variety of factors, including FMLP,
PAF, and leukotriene B, (47, 145, 209). This increase in
{Ca], has been linked to differential secretion from the
three distinet granule populations that are present in
neutrophils (145). The early transient [Ca]; rise is due to
a release of [Ca); stores, whereas the more sustained
[Ca]; increase requires extracellular Ca and has been at-
tributed to an influx of Ca (8). A stimulus-induced in-
flux of Ca was further corroborated by the observation
that extracellular Mn (presumably influxing through
Ca-permeable channels) was able to quench the increase
in fura-2 fluorescence induced by FMLP, leukotriene B,
and PAF and that La, Cu, and Ni inhibit the influx of
Mn (174).

Von Tscharner et al. (276) suggested that intracel-
lular release of [Cal, from stores caused the transient
activation of Ca-gated cation channels, allowing Ca to
flow intu the cell. Nasmith and Grinstein (180) tested
this possibility by examining FMLP-induced Ca
changes under conditions where neutrophils had been
loaded with the Ca chelator bis(v-aminophenoxy eth-
ane- VN0 N -tetraacelic acid and demonstrated that
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the rise in [Ca), that depended on extracellular Ca could
still be stimulated by FMLD when intracellular free Ca
levels were maintained at ot below resting levels. How -
ever, Pittet et al. (205) found that the FMLP-stimulated
influx of Cu into HLGO cells differentiated into neutro-
phil-like cells was closely correlated with the rise in
[Ca], as well as an intracellular accumulation of inositol
1,2,4,5-tetrakisphosphate [Ins-(1,3,1,5)P,]. They con-
cluded that an elevation of [Ca), could activate Ca influx
by acting directly on Ca-activated channels, as sug-
gested by von Tscharner et al. (276), or by increasing the
production of Ins(1,3,4,5)P,.

It is possible that the FMLP-induced Ca influx does
not occur through ionic channels but occurs through
other ion-transport mechanisms. Simchowitz and Cra-
goe (254) have characterized an electrogenic Na-Ca ex-
changer in neutrophils that can transport one Ca ion
into the cell in exchange for three Na ions. This ex-
changer is activated by FMLP and may account for some
of the observed increase in [Ca).® Further studies are
needed to examine this possibility and to delineate the
events that underly the Ca influx.

The early events that follow the binding of FMLP to
the membrane include (in addition to inereases in [Ca),)
changesin V_, pH, and the transport of other ions. Stud-
ies with fluoreseent dyes have shown that FMLP in-
duces an initial depolarization followed by a repolariza-
tion that is completed within 8-10 min (141, 240). The
FMLP-induced depolarization required a stimulus con-
centration of at least 1078 M, whereas lower concentra-
tions induced either no change (45) or a slight hyperpo-
larization (136).

Despite many studies, it is not clear which ionie
conductances, if any, are involved in these responses,
Decreasing[Na], to 20 mM and varying {K], from 1 to 100
mM did not change the amplitude of the membrane depo-
larization, indicating that the depolarization does not
involve a Na conductance (238). As noted, von Tscharner
et al. (276) proposed that the transient depolarization is
caused by an influx of cations through the Ca-dependent
cation-nonselective ion channels induced by FMLP. It is
plausible that Ca provides a signal leading to depolariza-
tion, because it has been demonstrated that an inerease
in [Ca]; precedes the depolarization (136). However, Di
Virgilio et al. (45) showed that even in Ca-depleted cells
where no increase in free-[Ca}; occurs FMLP can induce
adepolarizing response, although itis diminished. Alter-
natively, it is pussible that the membrane depolariza-
tion induced by FMLP is due to the FMLP-induced 1n-
crease it a Cl conductance reported by Schumann et al.
(233). It Is alsu pussible that the repolatizativn phase of
the FMLP-induced 17, changes involves an additional
membrane put meability and that it may be dependent
un eaternal Ca (208). Furthermore, FMLP and uther ac-

11 the Na Ca ovdhanger Is the major patbway for Ca influs in
stimulated neutrophils, then depolarizing the neutrophil should in-
erease the agomst-induced Ca imftux, However, D1 Virgiho et al. (45)
demonstrated that depularizat.on of FMLP-stunutated neutrophils
reduced the Ca influ,
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tivating agents directly stimulate Na-H exchange (89,
253). Although this transport system is not elecirogenice,
the changes in intracellular Na or pH, which are sub-
stantial, could affect ivn conductances and/or the Na-K
pump (which is electrogenic), thereby producing
changes in V..

The purpose of the FMLP-induced V,, changes is
unclear, because cells can migrate (248) and produce an
oxidative burst (110) when depolarized by high K. Never-
theless, the observation that FMLP fails-to induce Vi,
changes in neutrophils from patients with chronic gran-
uJomatous disease, a condition in which phagocytes are
incapable of producing an oxidative burst (239), sup-
ports the view that the membrane depolarization (or
events leading to it) is associated with the oxidative
burst, even if depolarization is not required for activa-
tion of the oxidase. A close association between mem-
brane depolarization and the oxidative burst was also
demonstrated in a study that measured FMLP- and
PMA-induced V,, changes and superoxide release in
HL-60 cells at varying stages of differentiation (J24).
Similarly, Di Virgilio et al. (45) demonstrated that the
dose-response relationship for the FMLP-induced depo-
larization in neutrophils was identical to the dose-re-
sponse relationship for FMLP-induced activation of the
NADPH oxidase. This study also showed that the in-
crease in [Ca}, which occurs during FMLP stimulation,
is reduced when neutrophils are depolarized and en-
hanced when they are hyperpolarized during FMLP
stimulation. Part of the increase in [Ca); requires extra-
cellular Ca and has been attributed to the influx of Ca
(3). Therefore the FMLP-induced depolarization may
serve to limit the influx of Ca into the cell after stimula-
tion as it does in other cells (208). In addition to limiting
the influx of Ca, a recent report by Pittet et al. (214)
indicates that membrane depolarization (in the absence
of extracellular Ca) diminishes both the release of in-
tracellular Ca and the rise in inositol 1,4,5-trisphos-
phate [Ins(1,4,5)P;] that is produced after stimulation of
neutrophil-like HL60 cells with FMLP or leukotriene B,.

1IV. LYMPHOCYTES

T, B, and natural killer (NK) lymphocytes partici-
pate in a complex series of interactions that underlies
the function of the immune system. These include recog-
nitivn of antigens, cytotoxicity, and lymphokine and an-
tibody secretion (186). Advances in recent years have
helped explain how these functions are carried out at
the single-cell level (262a). Although guestions still re-
main about lyn.phocy te ion-transport mechanisms and
their functional relevance, considerable progress has
been made in identifying the ionic conductances in these
cells and characterizing the changes in ionic conduc-
tances that oceur during lymphoceyte activation (18, 20,
72, 13, 87, 152). The conductances described in lympho-
cytes are listed in Table 2 and are summarized next.
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TABLE 2. Jon channels in lymphocytes
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Channel Gating SCG, pS Blockers Present In Reference
K channels
K, (n type) Voltage, 12-18 4-AP, TEA, CTX, Human and murine T-cells, 29, 35, 36, 58,
Ca quinine, verapamil, T-cell lines, cytotoxic T- 163, 172, 231,
D 600, Ni, g, La, cells, NK cells, human 232, 267
nifedipine, and murine B-cells
diltiazem,
chlorpromazine,
forskolin,
trifluorperazine,
noxiustoxin
K, (I'type) Voltage 21-27 TEA, Co Murine T-cells 24
K, (' type) Voltage 18 CTX Murine T-cells 148
Ke, (Ca activated) Ca 25 Apamin Rat thymocytes, human B- 20, 95, 159, 160,
7 cells, human T-cells?, 168
93? murine B-cells?
Na channels Voltage 20 X Human thymocytes, T-cell 36, 139, 231
lines, murine T-cells
Ca channels
Ca, (voltage Voltage Jurkat 77 6.8 cells, 52, 57, 59
activated) hybridoma cell lines*
Cay,, (InsPy InsP, 7 Ca Human 7T-cells, Jurkat E6- 72, 130
activated) 1 cells
Ca, (smalh <1 Ni, Cd Jurkat cells 151, 152
Ol channels
Cly, Qarge) Voltage, 365 Ni, Zn Thymocytes, T-cells, 12, 19, 167, 230
PKa murine B-cells
Cl, (smalh¥ ~26 Murine spleen cells, Jurkat 19, 47
E6-1 cells, human T-cells
Cl, (cAMP PKa 40 Jurkat E6-1 cells, human 15, 25

activated)

T- and B-cells, murine
B-cells?

SCG, singly Jianndd wondudtance under physiological lonic gradients (or rectifying channels, largest conductance s given). InsPg, inosi-

tul trisphosphate, NK, natural killer, PKag, cataly tic subunit of protein hinase A.
+ ATP and hypotonic medium required in patch electrede.

cells and splenie B lymphocytes.

A. T Lymphocytes und Natural Killer Cells

T lymphoeytes develop in the thymus and have both
effector and regulator functions (262a). As effector cells
they participate in graft versus host reactions, cytotoxic-
ity, and delayed hypersensitivity, whereas as cell regula-
tors they either help or suppress the activity of other
lymphocytes. Cytotoxic T-cells kill in an antibody-de-
pendent manner a variety of target cells, including
those bearing foreign histocompatibility antigens as
well as host tumor cells and virally infected cells, which
share the same major histocompatibility antigens. In
contrast, NK cells are large granular lymphocytes that
can kill tumor and virus-infected cells in culture in the
absence of antibody. Variations in the surface glycopro-
teins (i ¢, CD, and CDy) of these different lymphocytes
correlate with their functional heterogeneity and there-
fore provide uscful phenotypic markers for the different
cell types. In vivo T-cell activation is initiated by the
binding of specific antigens to the T-cell receptor,
whereas in vitro activation can be accomplished using
leetins and phorbol esters or monoclonal antibodies
against specific surface antigens. The activation of T-
cells results In u series of well-studied integrated events

* Hybridoma cell hines cunstructed from fusion of 5194

that ultimately leads to an increase in DNA synthesis
and cell division.

1. Potassiwm conductances

I) OUTWARD VOLTAGE-GATED POTASSIUM CONDUC-
TANCE. Outward voltage-dependent K currents were
first described in human peripheral blood T lympho-
cytes by Matteson and Deutsch (163) and by DeCoursey
et al. (35) and in murine eytovoxic T-cell clones by Fuku-
shima et al. (58). Similar currents have since been re-
ported in a wide variety of lymphocytes, including im-
mature human thymucytes (230), human helper-inducer
T-cells (T4*), suppressor cytotoxic T-cells (T8*), allo-
reactive-cytuwxic T-cells (36), human NK cells (231),
subsets of murine thymocytes (172), 2 murine noncyto-
lytic T-cell clone (141), and a variety of murine cell lines
(36). Only one type of outward voltage-dependent K con-
ductance has been described in human T lymphocytes,
whereas three voltage-dependent K conductances have
veen delineated in murine T lymphoeytes. These are 1)
the n (for normal)-type K (K,) conductance, which is the
only voltage-dependent K conductance described in hu-
man T lymphocytes (17, 35) and is also present in murine
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TABLE 3. Threc types of coltuye-dependent I channels
i murine T lymphocytcs

Type n Type o' Typel
(normal) (n-ish) (large)
Conductance 12-18 pS 18 pS 21-27pS
Gating
Viee ~30 mV -10 mV 0mV
Use-dependent
inactivation Yes No No
Closing rate 7
(—60 mV) 30 ms 30 ms 1ms
Pharmacolugy
TEA (K) ~10 mM ~100 mM ~0.1 mM
CTX (K;) 300 pM <5 nM Not blocked

V172, membrane potential at which one-half of the channels are
activated, R, inhibitory constant. [From Lewis and Cahalan (149).]

lymphceytes (37); 2) the l-type K (K,) conductance,
which is present in large numbers in lymphocytes from
the MRL./lpr mouse strain but is also found in T lym-
phocytes from nirmal strains of mice (24, 34); and 3) the
type n' (K,) conductance, which is found in subsets of
murine thymou: {es (148). A misture of these channels
can be expressed i1 a given murine T lymphocyte, al-
though one type uf channel often predominates (19). Ta-
ble 3 and Figure 3 summarize some of the characteris-
tics of these voltage-gated K channels.

A) N-type potussiune conductunce. The K, condue-
tance is the best characterized ivnic conductance in leu-
kocytes. It was first described in wholz cell patch-clamp
studies of peripheral human blvod T lymphocytes (35,
163) and in muvine clonal cytotuxic T Iy mphocytes (58).
Under whele cell patch-clamp conditions, K, currents
have a threshold of activation in the 50- to 60-mV
range, and the conductance is fully activated above 0
mV. [The threshold for activation for this current may
differ in cell-attached recordings (S. C. Lee and C.
Deutsch, personal communication).] Simila. to delayed
rectifying K currents in vertebrate nerve . nd muscle
cells, K, currents in both human and murine T lympho-
cytes exhibit sigmoidal voltage-dependent activation ki-
neties (35, 38, 58, 163) and could be fitted to a Hodgkin-
Huxley type n'j model (17, 38). However, the rate of K,
current deactivation determined from relaxation of tail
currents was an order of magnitude slower in lympho-
cytes than in skeletal muscle (17). When [K], was 1 aried,
the K, reversal potential followed the Nernst equation
for K, indicating that the current is K selective (17,
58, 165).

The K, current decreases or inactivates during vult-
age steps lasting - 20 ms. During prolunged dej.olariza-
tion the K, current inactivates to a steady-stite level
that, in human T-cells, was half maximalat 70 mV and
was complete at almost all potentials that elicited the
K, currents (17), whereas in the murine clonal ¢y totoxic
T-cell line inactivation was absent at 75 mV (58). If the
inactivation of K, currents is state dependent and not
voltage dependent, as has been sugygested recently for
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similar channels in rat type II alveolar epithelial cells
(34), then these apparent differences in “steady-state”
inactivation may be ascribable to a difference in the
experimental protocol rather than to actual differences.
In addition, recovery from inactivation was much
slower than the onset of inactivation during depolariza-
tion (17, 38, 58). When pairs of identical pulses sepa-
rated by different time intervals were used to examine
recovery from inactivation, short (80 ms) depolarizing
pulses produced a peak current {~r the second pulse that
was smaller than the current a: the end of the first pulse
(35, 138). This phenomenon of cumulative inactivation
has been described in other culls (5, 290). For longer
pulses (500-600 ms), recovery time increased and, in the
case of human T lymphocytes, was fit by two exponen-
tials with time constants of 10-and 420 s (17). The ki-
netics of K, channel inactivation suggest the existence
of more than one inactivated state of the channel (17).

Several changes in the K, current oceur during the
first 10-15 min after establishing the whcle cell patch
cunfiguration (17, 40, 58). These include increases in the
peak current, the rate of activation, and the rate of inac-
tivation and a —10- to —20-mV shift in the voltage de-
pendence of activation. Similar shifts have been noted
inother (1 ;rents studied using the whole cell patch tech-
nique, any it has been-postulated that they are due to
dissipativ.a of a Donnou potential due to the slow diffu-
sion of 12 ge cytoplasmic anions into the pipette (161),
although i.1some cases the voltage shifts are larger than
can be acc unted for by this mechanism (53). Although
junctional potential skifts probably account for some of
these changes, scveral additional factors also may un-
derlie these changes. These include the likely effect of
intracellular fluoride on augmenting the rate of X, in-
activation (17) and the removal of inactivation of the K,
conductance when cells are held at —80 or —90 mV. That
is, if the testing 17, of intact lymphocytes is - 70 mV or
less negative (estimates of V), in unstimulated T lym-
phocytes obtained using indirect fluorescent ptobes
range from 50 to -70 mV) (87), then the K, vonduc-
tance would be partially-inactivated at rest.

1) Effects of uneouleni cations. lon-substitudion stud-
ies revecled the S il wang permeability ratio for the K,
conductance. ~. i.0) > kb \8.77) > NH, (¢.10) > Cs
{0.02) > Na {<0.01) (17), which is similar to those re-
poried for other delayed rectifying K channels (106,
218). In h. kL-K medium, the K, conductance increased,
the instantaneous I-V'relation became inwardly rectify-
ing, aud the rate of channel closing (deactivation)
swwed (17). Furthermore, peak G-V relations indicated
that the K, conductance was activated at potentials 10~
20 mV miore negative in high-K or high-Rb Ringer than
in NH,-containing or normal Na-containing Ringer,
suggesting that permeant cations interact with the gat-
ing mechanism of the K, channel (17).

2} Bffcets of calcium. Although Cahalan et al. (17)
originally reported that changing the [Ca), from 10 ® to
1t ®M (with glutamate or aspartate as the primary in-
t .rnal anion) had no effect on the magnitude of the K,
current, several more recent observations have demon-
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Repetitive pulses
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strated that the X, conductance can be modulated by
[Ca). First, wher the patch pipette contained 10°° M Ca,
whole cell currents decreased during the first 5-10 min
of recording from human T lymphoucytes, whereas they
increased during the first 5-10 min of recurding ahen
the pipette contained 10™* M Ca (14). Secund, adding 1
pM A23187 increased the rate of X, inactivation and
reduced current amplitude by 567 . A similar effect of
A23187 on K, currents was reported in the human Jur-
kat T-cell line (52). Finally, single-channel recordings of
human 'T-cells ubtained in excised inside-out patches in-
dicated that increasing the [Ca], from 10 * to 10°° M al-
most completely bluched channel activit, in a reversible
manner (14).

Increasi..., [Ca), 10-fold from ~2 10 ~20 mM did not

increase K, current amplitude but shifted the G-V rela-
tionship to more pusitive potentials (17, 58) and in-
creased-the rate of inactivation (36, 94). In Jurkat E6-1
cells the rate of K, channel inactivation was increased
as both internal and external Ca increased, suggesting
that Ca can enter open K, channels from either-che in-
»ide or the outside. The effects ¢f C... .n’K, channel inac-
tivation are consistent with a model that propused that
Cabinding tv a site inside the channel induces a confor-
mativnal change that inactivates the channel rather
th..c inactivativn produced by a direct block by Ca (94).

J) pH ¢ffects. Because change.. in pH; occur in iym-
phucytes after mitogen stimulation (44, 79), clarifying
the role of K, conductance in mitogenesis necessitates
examining the effecis of pH, on the X, conductance. In
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whole cell recordings, Deutsch and Lee (42) reported
that the conductance is insensitive Lo caternal pH (ply)
until pH, is lowered below 6.6. In cuu rast, changing the
pH, frum 5.2 tv 62 increased the average peak K
current in human T ly mphoceyles threefold but had no
effeu. un the theeshold of activation or on inactivation.
De i.sch and Lie (42) described the pH, depeudence of
thei., eonductance by a model with two strongly cooper-
ative proton-binding sites with an acidic dissociation
constant of 7.15. The threefold increase in whole cell
currents was accompanied by an increase in single-
channel conductance. However, the increase in single-
channel cuonductance .as not sufficient to account for
the increase in whole cell peak current, indieatis = that
the number of upen chonnels may also be aficced by
1. Thus it is pussible that alterations in the K con-
luctanceinduced by pH, changes that veeur during the

.ell eyele may play an important role in proliferc.ion,

+) Temperature ¢ffects. Most of the patch-clamp
studies in leukoey tes have been done at rovm lempera-
ture { ~22°C) Houwever, two recent studies un hu: .an
peripheral Tly mphouy tes co.amined the effect of temper -
ature on IZ, conductance (135, 194). Changing the tem-
perature from 5 to 12°C incteased the K current ampli-
tude and the rates of activation and inactivation and
shifted the threshold of activation o more negative po-
tentials (1915 Buth deactivation (the rate of decay of the
current on repolarization) and recovery from inactiva-
tion were quite temperature sensitive (138). At 37°C,
cumulative inactivation did not vecur if the interpulse
interval was .-1-2 5, whereas at 22°C, inactivatic  vas
vbserved with an interpulse interval of 20 s 'vhese
changes indicated that increasing the temperature aug-
mented the number of vpen K, channels. From the
whole cell conductance and Bolwzmann fits of the activa-
tivn and inactivation curves, Pahapill and Schlicter
194) eotimaied that from 530t 70 mV (the estimated
resting 15,), 5 20 12, channels would be open at 37°C
compared with 3 7 _hannels at 20°C, The single-channel
conductance alsv i creaced as temperature increased
1138, 194) su that th : acrease in whole cell conductance
at 37"C probably re. alts from increases in buth the sin-
gle chiannel conductaace and open channel prubabil-
ity (194).

3) Single chunnels. Because T lymphocytes have a
very high input resistance wn e order of 20 GQ), it 1s
pussible tu 1ecurd single-channd] currents in the whole
cell recording configuration (11, 17, 138). In human T
Iy miphog tes, single-channel cutrents obtained in this
manner had conductances of 14 16 and 6 9 pSin nurmal
Ringer solution and 10 and 21 pS in high-K medium (14,
175. In murine T ly mphocy tes, K, channels have a con-
ductance of 12 pS 138). Single-channel currents dis-
i L o Hicker or - apid closures within bursts, indicating
al least two nunconducting states of the channel. In ex-
visud patches eapused to sy mmetrical high-K solutions,
I Vreclationships of single K, channels displayed inward
tectification, similat to the inward rectification noted in
instantaneous TV relativns of whole cell currents in
high-K Ringer (17). Unitary current ampl..ude in-
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creased in size as temperature was raised from 22 to
37°C, the most prevalent channel had a conductance of
26 pS at 37°C compare. with 11 pS at 22°C (138). The
number of K, channels estimated from the conductance
of the singlc-channel currents and the whole cell con-
ductance is 300-300 and 10-15 ¢} annels in human T-cells
'17) and resting murine T Iy =phoc,tes (38), respec-
tively.

6) Antagunist.. Antagonists of the K, conductance
are numerous. {ney include classic K J.annel blockers,
<lassic Ca channel blockers, polyvale.it cations, and
sther compounds. The K channel blockers quinine (58,
163), T£A, and 4-AP all reversibly block this conduc-
tance when added to the bath with an inhibitory con-
stant (X)) in human T lymyg .ocytes for quinine, 4-AP,
and TEA of 14 uM, 190 M, - r.1 8 mM, respectively (35).
Of these, channel block by ™ £A has been the bes. char-
acterized (38, 93). In murinc .hymouytes, TEA reducea
the apparent single-channel amp!. ude, probably by
producing a fast block, the kinetics of which were above
the frequency range eaplored (38). The dose-response
relationship for the single-channel block in murine thy-
mocy tes was similar to that for blocking macroscopic
cur.erts (38). In the human lymphoma line Jurkat E6-1,
TEA both reduced the peak K, current and slowed the
time course of decay so that the K, current integral in
the presence of TEA was unchanged (93). These data fit
a hinetic scheme in which open K channels blocked by
TEA cannot inactivate (93).

The K, channels also are blocked by a number of
agents that inhibit Ca channels. These include polyva-
lent cations and the Ca Jhannel .ntagonists diltiazem,
verapamil, and nifedipine (23, 36, »J, 230) In human T

Ty mphocytes, the potency sequence of n.'f block for

these agesnts was verapamil (6 uM) » nifedipine (24
M) - diltiazem (60 uM) (23). Although *he potency se-
quence has not been reported in murine T-cells, these
agents also produced half block in concentrations rang-
ing from 4 tu 40 mM (38). At intermediate concentra-
tions of verapamil, K, channels inactivated more rap
idly and once inactivated recovered more slowly. Block
by verapamil was use dependent, increasing with fre-
yuency of channel opening (36, 250). This is similar to
the use-dependent block of Ca channels previously de-
seribed for Ca channel antagonists (137).

Inorganic polyvalent cations reduce the K, condue-
tance and shift the G-Veurve tomore positive potentials
(36, 38). Divalent cations have been shown to induce sim-
ilar shifts in G-V relationships of other K condurctances
(>4, 81). In human T Iy mphucy tes the potency seyuence
for theee blockers is g .~ La » Zn > Co .- Ba, Cd - Mn,
Ca » Sr . Mg (36). In addition, Ni (1 mM) also reduces
the K, current in human T lymphocytes (163). Both Co
and La have similar blocking effects on K, channsls in
murine T-cells, although murine cells may be somewhat
less senaitive to puly cation bluck (3%). The intes action of
Ba with the K, channel has been studied in Jurkat E6-1
cells, where it was demounstrated that external Ba enters
the vpen channel, producing a use-dependent block, and
is trapped inside the channel when it closes (94).
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Other cumpounds that decrease the K, conductance
are the calmodulin antagonists chlorpromazine and tri-
fluoperazine (19), forskolin (127), retinoic acid (249), and
toxins isvlated from scorplon venom (210, 226). In hu-
man T lymphocy tes, forsholin (20 uM) decreased the K
conductance without changing the voltage dependence
and kinetics of inactivation. Surprisingly, the effects of
forskolin were not mediated by 4 rise in adenosine 3,5
cyclic monophusphate (cAMP), since raising cAMP lev-
¢ls with isoproterenol plus phosphodiesterase or witl.
dibutyryl ¢cAMP had no effect on the K conductance
(127) and neither did 1,9-dideoxy forskolin, an analogue
of forskolin that doues not stimulate adeny late cyclase in
human lymphocytes (127). There is precedent for a di-
rect block of K channels by forskolin from studies in
invertebrate neurons (33).

Charybdotoxin blucked K, channels in human and
murine T Iymphoucytes with a K, of ~0.5 nM (210, 226).
Because it inhibits the K, conductance at much lower
concentrations than other antagonists, it may bea prom-
ising tovol for examining the functivnal relevasce of
these channels (210). Block by CTX appears tov .ccur
when the channel is in either the clused or vpen s ate,
because it blucked at a holding potential of 80 m\ and
because there was no indication of recovery during dopo-
larization. Nuaiustoxin, purified from Centrurvides noa-
tus also blucks K, channels with a K, of 0.2 nM (226).

Schumann and Gardnec (234) repurted that the sen-
sury neurupeptide substance P, which stimulates T-
ly mphocy te proliferation (198) and lymphokine secrec-
tion (103), decreases the peak amplitude of the K,
current and accelerates the rate at which the current
inactive’es in Jurkat £6-1 cells. The effects of substance
P could ve mimicked by the addition of GTPyS to the
pipette. Intracellular application of GDP3S (100-3500
«M) blocked the action of substance P, suggesting that
(:TP-binding proteins may modulate the K, current
124). However, GTP4 S did not have this effect in nor-
mal human T-cells (137).

7} Eapression en resting cells. With the exception of
the T-cell lines CCRF HSB 2 and P12-Ichikawa, K,
chann s are present in all T lymphocytes that have
been examined (36). Identification of subsets of human
T lymphloc: tes with antibodies indicated that resting
T4/Leud®, T8 Leu2®, and allvactivated ¢y totoxic T-lym-
phucy tes ali expressed K, channels, although cy totoxic
T-cells appear to have more channels (36). Schlicter et
al. (232), comparing the eapression of K, channels in
immeuwre htman thymocytes (negative for the T3 re-
ceptor) w.th channel expression in mature T3* T cells,
found thet channe] expressiorn in these two groups of
cells wa. similar and concluaed that K, channeis are
exprisel very early in the differentiation process, pus-
sibly befors thymic processing. The largest number of
K, channels (1,500 channels,'cell) has been reported in
CCRF CEM 3A cells. Despite the var ation in K, channel
numbers in different cell lines, no ¢, relation has been
madec between the function of different cell lines and K,
channel number (36).

This is not the case in primary mutine T [y mpho-
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cytes, which have only 10-15 K, channels in the resting
mature cell -(36). In murine T-cells, there also was a
correlation between the type of K channel present and
T-cell function, K channels predominate in mature thy-
mocyte subsets that are CD;CD; (precursors to helper
T-cells), whereas in the mature CD,CD;, thymocyte sub-
set that cuntains precursors tu ¢y totoxic and supressor
T-cells, K, and K, channels predominate (148, 149).
Functionally immature CD;CD; or CD;CD; thymo-
cytes expressed 5- to-10-fuld more K, channels than ma-
ture resting thymocytes (148). There also was a correla-
t-on between the number of K, channels and the ability
of thymocytes to proceed through the cell cycle
(148, 172).

8) Effects of uctivation. The T-cell activation after in
vitro exposure to polyclonal mitogens and cytokines oc-
curs vver a period of hours or days and often results in
amplification of the K, conductance. In human T-cells, a
20- to 24-h exposure to the tumor promoter TPA or con-
canavalin A (ConA) increased K, conductance 1.7- (40)
and 2-fold (163), respectively. In contrast to the slow
.itects of TPA and ConA, DeCoursey et al. (35) reported
that 1 min after exposure of human T lymphocytes to
phytohemagglutinin (PHA), the kinetics of K, channel
gating were modified su that the G-V curve was shifted
by 15 mV, thus the number of channels open at rest
would double. However, subsequent studies on human
immature thymocytes and human T lymphocytes have
failed to demons raie these rapid PHA-induced changes
in the K, condu.tance (138, 232). No effects on the K,
current were noted when isoproterenol, prostaglandin
E,, cAMP analogues, or nucleotides were added o the
bath or pipette in human T lymphocy tes maintained at
37°C (188).

Although murine resting T lymphocytes have many
fewer K, chan..zls thar human T-cells, after stimula-
tion with the mitogen ConA, actively dividing cells of
cither the helper or suppressor cell variety exhibited a
large augmentation in channels (19, 38). This augmen-
tation of the K, channels is a likely cause for 10- to
15-mV hyperpolariza.don in murine cells exposed to
ConA (122, 271). In the murine noncytolytic T-cell clone
L2, expusure to interleukin 2 (1L-2) increased the ampli-
tude of the K currents threefold at 24 h (141). The in-
creased current was mainiained for 72 h and paralleled
the IL-2-induced augmentation in cell size and DNA syn-
thesis.

9) Cloning. Molecular characterization of the K,
channel has seen carricd vut using probes from Shaker-
related K channel jenes Lo screea ¢cDNA libraries from
both rats (49) and niice (97). Injection of mRNA encoded
by either of the intron-le ss genes MK3 (97) or RGKS5 (49)
into Xenopus vocy wes resulted in the expression of jonic
channels with similar bivphysical and pharmacological
properties to the K, channel. The aminoe acid sequence of
RGK5 is 60 707 homologous with the Shaker core se-
guence (19). Using the polymerase chain reaction,
Grissmer ¢t al. (97) demonstrated that MK3 is tran-
scribed and expressed in mouse T-cells. In addition,
probes prepared from the unique >-noncoding region of
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MKS3 were used to Jocalize MK3 to human chromosvme
13 (97).

B) Lty potassiwmn conductunce. The K, channels
were first described in T-cells from mice containing two
different autosumal rewessive mutations, lpr.’lpr and
gld. gld (24, 314, 96). Buth of these mutations result in «
Iymphoproliferative  systemic  lupus  erythematous
(SLEj-like discase that develups early in life. The K,
channels also are found in small aumbers in T 1y mpho-
¢y tes from cuntrol mice (21). The K, conductance can be
distinguished from the K, conductance in that it acti-
vates 30 mV mote positive than K, channels, closes
much more rapidly on repolarization, and inactivates
more slowly and less completely (37). [Concanavalin A
shifted the voltage dependence of K, chiannels by about

10 iV, but these chiannels still upened at mote pusitive
putentials-than K, channels-(21).] The K| channels also
recover from inactivation more rapidly sv that little in-
activation accumulates with repetitive pulses. The phar-
muacolugical block of K, channels alsu differs from K,
channels, they ate less sensitive to Co block, are 100
times more sensitive to TEA [mican inhibitory constant
(K, 50 100 pM] (37), and they are not blocked by
CTX (223). Cunsistent with the whole cell data, single-
channel K, currents ate open at more pusitive potentials
and have a larger (21 pS) conductance (37) than K,
channels. Addition of 0.1 mM TEA to the bath reduces
single-channe] conductance by 307 (37, 149), which is
womipatible with w rapid vpen-channe! bloch mechanism
like that for K, channels.

Shapirv (211) has reported that K, channels are sim-
ilat tv one of the “fust™ K conductances called gp, chan-
nels in node of Ranvier (90). Unlike K, curients, but like
¥ curtents, K, curtent activation could not be fitted by
Hudgkin-ualey n? hincetics but sas well-fitted by a de-
Ly folluwed by asingle expunential. Besides similarities
in kinetics and voltage dependence, pharmacological
agents hnown to bludh g, channels, such as capsaicin
(51) and naloaovne (112}, also block K, channels (241).

The funic sclectivity of K, channels to munovalent
cations is roughly similar to that for K channels, except
fur a higher Cs permeability (2135, Fut K, channels, the
purmcability sequence based on bijvnic reversal poten-
tials is K - Rb .- NH;, Cs .-» Na. The species of per-
meant fon strongly modulates deactivation hineties of
K, channels (213). This phenomenon is similar to per-
meant ion cffects on K channels (17). The inward NI,
catrent was over 10 times that for Cs, even though the
primeabilitivs were neatly identical. This large diserep-
aney between seledtivity and conductance indicates that
K, channels, lthe most other K channels (108), are multi-
ion pores.

Monodonal antibodies against specific subsets of
T-cells were used to characterize Ky channel eapression
in buth T-cells from healthy mice and T-cells from mu-
rine moduls of SLE, t3 pe-1 diabetes mellitus, and expeti-
mental allergic encephalomy Jitis (21, 960, The . T-cells
from these discased mice, which were phenoty pically
Thy1,2%, CD,, CDg, B220*, and F23.1sp*, displayed a
large number of K, channels, whercas phenoty pically
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similar T-cells from control mice or mice before the on-
set of the disease did not. Other T-cell subsets from
these diseased mice expressed a normal pattern of K
channels (21). Thus the abundant expression of the K,
channel may be a marker for the onset of autoimmunity.
In developing thymoceytes from normal mice, K, chan-
nels were rarely found in CD;CDg or CD;CDg thymo-
¢y tes bat were found on CD; CD; thymocytes, which are
destined tv become major histucompatibility class I-
restricted cytotoxic or supressor T-cells (148). There is
no evidence for the existence of K; channels in human
T-cells. Huwever, K, channels have been reported in the
human Burkitt's Iy mphoma cell line Louckes (242).

C) N'-type potussiene cunductunce. Examination of
subsets of developing T-cells from the murine thymus
has revealed a K conductance that has the same voltage
dependence of activation, closing kinetics, and sensitiv-
ity to CTX as the K, conductance but displayed little
cumulative inactivation and was less sensitive to block
by TEA (K, - 100 mM) (148). However, it was blocked
by nanumolar cuncentrations of CTX (226). Correspond-
ing single-channel currents having a conductance of 17
pS have been identified (148). Cell surface-staining tech-
nigues revealed that CD,CD; cells destined to become
MHC class I-restricted cytotoxic or supressor T-cells
most often expressed as K, channels.

) CALCIUM-ACTIVATED POTASSIUM CONDUCTANCE.
Radivisotope flux and potentiometric dye studies have
provided substantial indirect evidence that T lympho-
cytes possess a Ca-activated K conductance (87, 91, 119,
219, 271). For example, in rat thymic lymphocytes and
human peripheral blood mononuclear cells, elevation of
[Ca}, in the submicromolar range by exposure to iono-
mycin induces & membrane hyperpolarization (mea-
sured with fluvrescent dyes) that parallels the increase
in [Cu], depends on the K gradient, and is inhibited by 25
nM CTX (91).

Despite such observations, patch-clamp studies by
several different investigators in a variety of T-cells
failed to demounstrate Ca-activated K conductances in
T-cells until Mahaut-Smith and Schlichter (160) demon-
strated the presence of a Ca-activated K conductance in
rat thymocytes and human B lymphoeytes. In that
study, exposing cells to ivnomy cin induced channel activ-
ity in 907% ui the cell-attached patches. Two amplitude
channels w ere noted. The smaller (7 pS) channel was not
well characterized, but the larger channel had little volt-
age dependence in the range from 20 to - 120 mV applied
tu the pipette and exhibited inward rectification. Its
single-channel conductance was 235 pS for inward
currents and 15 pS for outward currents. Channel activ-
ity could be retained in a percentage of the patches after
excision and increased when [Caj; was increased from
100 to 300 nM. How ever, excision of the patch altered the
kinetic behavior and the conductance of the channel,
and channel activity freyuently disappeared. Similar
channel activation has been reported after exposure of
rat thy mocs tes to the mitogen Cona (159).

At this time, it is not clear how widely distributed
the Ca-activated K conductance is among T-cells. A pre-
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liminary report in Jurkat E6-1 Iy mphucytes, in which
the perforated patch techniyue (111) was used, demon-
strated that ivnumycin induces a current that may be a
Ca-activated K conductance (95). Further work is
needed to determine if this channel i1s found in most
T-cells and whether the previous failure to detect Ca-ac-
tivated K channels was due simply to washout of the
current in the whole cell and eacised patch configura-
tion.

2. Sodium conductance

Sudium channels with gating properties similar to
Na channels in eacitable cells have been described in
human and murine T lymphocy tes (36), in human thy -
mocy tes (231), and in several T-cell lines, including Jur-
kat E6-1, MOLT-{, MOLT-17, CCRF-CEM, CEM-1-3,
and K562 cells (36, 139, 232, 284). The Na currents were
abulished by replacement of external Na with Cs or
TEA, tetrodotuain (TTX, 100 nM) also reversibly
bluched the channels. The Na channels from murine T-
cells were less sensitive than human T-cells to TTX
block (17, 38). Single-channel currents evident in sume
whole cell 1ecords indicated that the single-channel
conductance was 20 pS for human T-cells (17) and 16-18
pS for murine T-cells (38).

Sudium channels are present in only a small per-
centage (3 of 30 cells) of human resting T 1y mphocy tes
(17) but arc in as many as vne-third of the unstimualated
mouse MRL-n strain of T lymphocy tes (38). Activation
of murine T-cells with ConA did not increase the per-
centage of cells eapressing Na currents but did produce
a 10-fold increase in the number of Na channels per cell.
However, T-cells from other strains of mice had fewer
Na channels. With the exception of murine NK clonal
cells and K563 leuhemic cells that express a high density
of channels, T-cells dou not usually cuntain ¢nough Na
channels to generate action putentials (18).

2. Culeium conductunces

The T-cell receptor.’CD; ligands ot mitogenic lec-
tins induce an increase in [Cal, that is essential for sub-
sequent activation events (72, 87, 271). The rise in [Ca),
has two components, o release of Ca frum intracellular
stores (2, 113) and an influx of eatracellular Ca that is
bluched by Ca channel antagonists, such as La (2, 188).
Although it has been pustulated that the influs of Ca
oceurs through dassic veltage-dependent Ca channels,
such channels bave unly been repurted in Jurkat 77 6.8
cells [152), studies of vther Jurkat T-cell lines have failew
to confirm this report (36, T. E. DeCoursey, persunal
communicatiom)]. In thuse cells, a voltage-gated Ca con-
ductance with slow kinetics, consistent with the behay -
ior of L-type channels (187), was enhanced after expu-
surc to PILA and may mediate the PHA-stimulated rise
in [Ca], that vccurs after PILY stimulation. Patch-clamp
studies have failed to demonstrate classic voltage-gated
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Ca channels in other types of T-cells (17, 58, 163). Thus
Ca influx during T-cell-activation must be mediated by a
nun-voltage-gated Ca transport mechanism(s) (72, 152).

Vollage-insensitive inward Ca (or Ba) currents
were first described in celi-attached and whole cell re-
cordings from a human cloned helper T-cell line (131). In
cell-attached patches with 110 mM-Ba in-the patch elec-
trude, single-channel currents had a linear I-1” curve
with an extrapolated reversal potential of ~60 mV and
a ~7 pS conductance. They were infrequently open in
cell-attached recordings of quiescent cells. However, the
probability of opening was increased by bath applica-
tion of PHA, indicating that PHA was exerting its effect
through a second messenger (131). A PHA-stimulated
voltage-insensitive current that was blocked by Cd was
alsv noted in whole cell records (131), however, tnere
was little evidence that it was a Ca current. Similar sin-
gle-channel activity was recorded in human cloned
helper T-cells using monoclonal antibodies against the
antigen,’'major histocompatibility cumplex receptor T3-
Ti (CD, specific) or the sheep erythrocyte-binding pro-
tein T11 (CD, specific), demonstrating that a varicty of
stimuli that increase [Ca], activate these channels (72).
Although little is known about the pnarmacology of this
channel, in Jurkat E6-1 cells it could be activated by the
Ca aguni.t BAY K 8644 (289). Moreover, as shown in
Figure 4, exposure of the cytoplasmic membrane surface
to micromolar cuncentrations of Ins(1,4,5)P; activated
similar channels in a dose-dependent fashion during ex-
cised inside-out patch recordings from human Jurkat
E6-1 T-cells (130), suggesting that this Ca-permeable
channel is part of a relatively new class of inositol phos-
phate-sensitive Ca channels (200, 275). In addition, ex-
cised patch studies indicate that the channel may be
autvregulated by Ca, since elevating [Ca), suppressed
channel activity (72; Fig. 4).

Lewis and Cahalan (151) have demonstrated that
eapusure of Jurkat T-cells to PHA-induced oscillations
in [Ca), depended un [Ca], influx and were suppressed by
depolarizing the cells with high-K medium. Whole cell
patch-clamp recordings from those cells revealed a
small (~7 pA in 10 mM intracellular EGTA) voltage-in-
dependent Ca current that was activated within seconds
of obtaining a whole cell recording. The current was in-
ward at potentials up to 20 mV, did not reverse at volt-
ages up to 100 mV, was diminished by decreasing [Ca],,
and was bluched by 5 mM Nior 1 mM Cd. Interestingly,
this current developed without any notable single-chan-
nel activity or increase in baseline noise. Thus the sin-
gle-channel conductance must be yuite small (<1 pS)
and may ¢ven be due to the activation of an electrogenic
puinp ur exchange mechanism rather than an ion chan-
nel. In perforated patch-clamp recordings (obtained by
placing nystatin, a pore-forming antibiotic, in the pi-
pette), an vscillating Ca current, the rise and fall of
which preceded the oscillations in [Ca), could be acti-
vated by adding PIA (131). The temporal correlation
between the vscillations in [Cal, and current activation
supports the view that this current was causally related
to the {Ca]j; oscillations.
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FIG. 1. Single inositol 145-trisphosphate [Ins(1,4,5)P,}-induced
inward currents recorded from inside-out membrane patch excised
from Jurkat cell. Patch pipette contained 110 mM BaCly, 200 nM tetro-
dotoxin (TTX), and 10 mM HEPES-KOH (pH 7.3). Membrane patch
evtoplasmic surface was bathed in solution containing (in mM) 150
KCL 055 LaCly, 2 MUy, 1.1 EGTA, and 10 HEPES-KOH (pH 7.3).
Holding putential was 4 iV Inwand currents are seen as downward
deflections from bascline AL roeconds werd hiltered at 1 RHa., WL
Insf1,1,5'P, induced inward currents from 1 oxcised inside-vut patch
at slow sweep speed  Arrows, addition of Ins(1,4,5)Py and CaCl, to
bath. No mward currents were observed v patch for >5 nun before
addition of Tnst1,1,5 First breah an recerdimg indicates interrup-
tivn of 1 aun during s hadh potential was o angged. First bath addition
uf TnstLLDP; rosaltad ninward current o 7isity within 10 s of addi-
tion to bath Inward currents appeared for <60s and then disappeared
for period of >4 min. Top und bottom traces were interrupted during
this interval, Second application of Ins(l.4,5P4 thnal concentration
30 M aminadiataly ciaiad snsard currunts that were sustained for

i folerraplion i trace indicaies a 2o onnanterval during which
membrane potential was changed Inward currents were abolished by
application of CaCl, (final concentration 2 mM) to internal bathing
solution. B Inst1.4.5 P induced unitary inward currents at higher
tune resvlution wath samphng rate of 4 ks, Legt. control recordings
Bt appriacation of Tnacl 05iFy Raghd. by ard current traces in pres-
ence of 25 4 M Ina(L L3P (Rauninted by purmiasion from Kuno and
Gardner 11301 Copyrright® 1957 Maemillan Magazines Limited.)

Buth the small Ca (Ca,) current descrived by Lewis
and Cahalan (151) and the Inst1,1,5)P5-induced Ca/Ba
(Cappgr-permeable cutrent described by Kuno and
Gardnet 11305 were voltage insensitive and were inhib-
ited by increases in {Caj. However, these currents dif-
fered in the following ways. £) from reversal potential
measurcments, the Cag curtent is moie selective for Ca
than the Cay,, current, 2) the amplitude of the whole cell
Ca, wurrent was 100-fold smaller than the whole cell
Capps current, and 2) nu single channel current fluctua-
tions accumpanicd Ca, currents. It is unlikely that these
differences reflect differences in experimental protocol,
although the study of Lewis and Cahalan (151) was per-
formed in 2 mM catracclular Ca and most of the record-
ings of Kunu and Gardner (130) were ubtained in 110
mM Ba. Further studies ate needed to deter mine if these
are related currents or if two different voltage-insensi-
tive Ca transporters exist in T lvmphocytes.
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A single study on bilayers containing plasma mem-
brane from the- human T-cell line REX has shown small
(2-3 pS under conditions of symmetrical 100 mM Ca)
single-channel Ca or Ba currents that were inhibited by
La (199). These currents were induced by adding three
different monoclonal antibodies that interacted with
the T3-Ti receptors on REX cells but that were not acti-
vated by monoclonal antibodies directed against the Ti
receptor of different T-cell lines or against the T4 anti-
gen. Because channel activity was present in isolated
bilayers, the data suggest a physical link between the
T3-Ti receptor and the ionophore and, incontrast to the
findings of Gardner (72), argue against the indirect ac-
tivation of the channels by a second -messenger (199).
Unfortunately, no data were presented on channel selec-
tivity or voltage dependence. Furthermore, the relation-
ship of these currents to the Cay,, channels deseribed by
Gardner (72) is uncertain.

4. Chloride conductunces

1) LARGE CHLORIDE CONDUCTANCE. Single-channel
currents of a large-conductance voltage-dependent Cl
channel, similar to the Cl;, channels described in macro-
phages, myotubes (236), and B-cells (12), have been de-
scribed in whole cell (19) and excised patch (230) record-
ings from T lymphocytes and thymocytes. Single-chan-
nel conductance was ~365 pS. The channel exhibited
several subconductance states that had the same volt-
age sensitivity, lonic selectivity, and block by Zn as the
fully conducting channel. The most frequently noted
subconductance states were in multiples of 45 pS. Unlike
the macrophage, where the anion/cation selectivity of
the Cl;, channel was 5:1 (236), in the T-cell this channel
was 30 times more selective for Cl than for Na or K (230).
Anion selectivity sequences determined from either re-
versal potentials or conductance ratios produced similar
results in contrast to the findings in B lymphocytes,
where different selectivity sequences were determined
using these two types of measurements (12). The selee-
tivity sequence for the T-cell Cl;, channel was I > NO, >
Br, Cl > IV, isethionate, HCO, > SO, > gluconate, propio-
nate . aspartate (230). As in macrophages (see sect.
1L12), these channels opened and then closed in a time-
dependent manner with excursions of £20 mV, and the
steady -state probability of channel opening fit a bell-
shaped curve, fitting a model of a channel with one gate
that cluses at negative potentials and a second gate that
closes at positive potentials (230).

Interestingly, recent observations by Pahapill and
Schlicter (193 indicated that channel activity changes
dramatically when cells are maintained at 37°C rather
than at roum temperature. It should be emphasized that
all but a few of the patch-clamp studies in leukocytes
have been performed at room temperature and that the
activity of fonic channels under these conditions may
differ from their activity at 37°C. For example, at 37°C,
Cl;, channels were active at rest, and activity increased
with hyperpolarization.
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In eacised patches, the Cl, channel can beactivated
by the cataly tic subunit of protein kinase A plus ATP,
indicating that it may be regulated by second messen-
gers 1194). The channel was reversibly bloched by Zn or
Ni (1 mM) added to the oy toplasmic side of the mem-
brane. Bluch by Zn was Jecreased by hyperpolarizing
the membrane, suggesting that the cation plugged the
channel (230).

1) SMALL CHLORIDE CONDUCTANCE. One study re-
ported that when the patch electrode contained a hyper-
tonic K-aspartate/ATP-containing solution, T lympho-
cytes exhibited a small Gl (Cl,) conductance that is ab-
sent immediately after establishing the whole cell
configuration but then slowly develops (147). This con-
ductance was present in mouse splenic T-cells, Jurhat
E6 1 cells, and human T-cells, had an anionic permeabil-
ity sequence of NO, . Br, Cl, F > methanesulfonate »
ascurbate - aspartate,-and coula be reversibly bloched
by 2 mM SITS 119, 117). The Cl, channels were too small
to resulve at the single-channel level, but noise analysis
resulted in an-estimate of 2.6 pS for the single-channel
conductance. From this estimate and the measured
whole cell cunductance, the number of Cl, channels was
estimated to be guite high, on the order of 1,000 (19).
Hydroulysis of ATP appears to be required for activation
uf this conductance, since the current was induced by
internal ATP and ATPyS (a nonhydroly zable ATP ana-
logue) but not by ADP, AMP, or AMP-PCP (117). It nas
hy puthesized that the Cl, conductance participates in
the regulatory volume decrease (RVD; that vecurs in
Iy mphucy tes expused to hy putonic conditions. Cnfortu-
natcly, no subseyuent studies have examined this chan-
nel or its role in RVD,

III) ADENUSINE 3,5°-CYCLIC MUNOPHUSPHATE-DE-
PENDENT CHLURIDE CONDUCTANCE. Chluridechannelac-
tivity similar to that described in epithelial cells (277)
was repurted in eacised inside vut patches from Jurhat
E6 1 ¢l 125). These single-channel currents were out-
wardly rectifying in sy mmetrical solutions and had a
slupe conductance at 0 mV of 40 pS. Reversal potential
shifts produced by changing eatracellular Na and Cl
concentrativns indicated that the Cl to-Na permeability
ratio was 10.1. fa excised patches the hinetic behavior of
the channel was comples, with prolonged bursts in-
terrupted by brief flichers and long closures, channel
activativn required 10 7 M {Ca]. However, once the
channel was activated, lowering [Ca; to 107 M had no
affect un channel gating. Similar Jhannel activity could
be induced in il attached patches after eaposure to
8-bromo AMP (25). Furthermore, channel activity was
induced when the o toplasmic surface of eacised patches
aas edpused to the cataistic subunit of CAMP depen-
dent protein hinase plus ATP. Thus this channel ap-
prared to be a cAMP dependent CLiCl, s channel similar
to that described in airway cpithelial cells 2770, In epi-
thelial culls, regulation of the Cl channel s as reported
Lo be defective in ¢y stic fibrosis (35, 257), and Chen et al.
25 haoo shown that it is alse defective in Iy mphocy tes
from cystic Abrosis patients (see seel. IVB;).

More recently, Bubicen et al. (15,4, using fluorescence
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digital imaging of the halide-sensitive fluorophore 6-
methoay - N-13-sulfopropy hyuinolinium and whole cell
patch clamping, confirmed that both T and B 1y mphe.-
o) tes from ¢y stic fibrosis patients lach a Cl current that
can be activated by the addition of either cAMP or ivno-
mycin to the cells. They also reported that Iy mphecytes
in G, had a significant spontanevus Cl permeability,
whereas Gy and S phase cells had a low Cl permeabil-
ity (15).

5. Physiological relevance

I) SETTING RESTING MEMBRANE PUTENTIAL. Esti-
mates of 17, in pupulations of normal resting mamma-
lian 1y mphocy tes obtained using potentiometric-sensi-
tive dyes and TPMP” range from 30to 70mV (39,122,
271, 280). These studies indicated that the ¥, of lympho-
cytes was primarily a K diffusion potential (87). From
patch-clamp studies, Cahalan et al. (17) estimated in
human T-cells that 0.1-2 (of the 300-100) K, channels
are open at the resting 17 Using a (K], of 130 mM (39)
and tL. unitary K, conductance, Cahalan et al. (17) cal-
culated that the net K efflux through open K, channels
would be 10 400 - 10 ™ mol. ' min and concluded that
this flux could account fur the resting K fluxes mea-
stred in Iymphocy tes by Segel and Lichtman (237). Fur-
ther support for the involvement of K, channels in set-
ting the resting 17, cumes from the observation that
CTX, which blochs K, channels (226), depolarizes human
peripheral bloud monocs tes under conditions (depleted
{Ca)) in which a Ca-activated K conductance should not
be active (91). However, this observation differs.from
that of Wilson et al. (281), who reported that CTX had no
effect on the resting 17, of unstimulaied human T-cells.
In additivn, K, single-channel currents should be evi-
dent in cell-attached patches if they participate in set-
ting the resting 17, but Deutsch (personal communica-
tion) reports a failure to record K, channels at 70 mV
in cell-attached patch experiments. Furthermore, even
thuugh K, channels may contribute to the resting 1, in
T-cells that have high numbers of K, channels, this is
less likely for cells that exhibit fewer K, charnels, such
as resting mature murine T by mphocy tes. The observa-
tivns that CTX has little effect on the resting 17, of rat
thy mocy tes (91) or murine spleen and thymus cell (281)
may reflect this possibility.

Because the bV, of quiescent T-cells is significanth
less negative than the By (which is approximately 90
mY), other permeabilities, such as the Cl ¢r Ca conduc-
tances described, must contribute to the 15, In human
cluned T Iy mphucy tes, a voltage-independent Ca-perme-
able channel has been shown to be open, albeit infre-
suently, at rest (1315 and therefore would tend to depo-
larize the cells. In addition, the preliminary report by
Pahapill and Schlicter 1195), indicating that at 37°Chu-
man T-cell Cl,, channels are active at rest, implies that
these channels contribute to the resting V.. This scems
somewhat surprising for several reasons. First, the ba-
sal Cl permeability in human lymphocytes is very low,
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and it is unaffected by changing 17, (which would not be
the case if Cl transport occurred via a voltage-depen-
dent conductive pathway) (86). Secund, Cl, channels
have such a large conductance that they would be ex-
pected to overwhelm the K, conductance, effectively
clamping the cell at E. Further studies are required to
determine which conductances play a role in setting the
resting 1, of the different types of T-cells.

II) RESPONSE TO MITOGENS. Numerous studies have
implicated both K and Ca conductances in T lymphocyte
proliferation-(for reviews see Refs. 72, 87). In contrast,
Na transport also is stimulated during mitogenesis, but
the main route for Na entry is via the Na-H exchanger
(87). This conclusion fits with the vbservation that TTX
had no detectable effect un mitogenic response of T-cells
(17). At present, no direct data exist about the functivn
of Cl channels in T-cell proliferation, although DIDS, an
anion transport antagonist, inhibited the ability of
mounoclonal anti-CD,; complex antibodies to stimulate
Ca influx in Jurkat T-cells without affecting Ca release
from intracellular stores (222).

A) Potassium channdls. Because patch-clamp stud-
ies have ouly recently described Ca-activated K chan-
nels in thymocytes, little electrophysiological data exist
supporting their role in the proliferative response of T-
cells. In contrast, substantial evidence supports a role
for voltage-dependent K channels. Three types of evi-
dence indicate that voltage-gated K channels, and in par-
ticular K, channels, play 4 role in mitogenesis. First, a
variety of mitogens increase the K current density (14,
38, 40, 141, 163). The current amplification is consistent
with reports of mitogin-induced increases in K efflux
and membrane hyperpolarization (237, 270). Moreover,
the time courses of the augmentation of K fluxes and the
K, conductance are similar. Thus in human cells, both
the K, conductance and K fluxes were increased within
minutes of adding mitogen (17, 36), whereas in murine
splenic lymphocytes augmentation of the K, conduc-
tance and K fluxes occurred 15 h after ConA addition
(38). However, the lack of voltage-gated K channels in
the T-cell line CTLL-2 that responds normally to mito-
gens (3€) suggests that these channels are not abso-
lutely required for proliferativn. That is, there are dif-
ferent pathways of activation for a given type of T-cell,
as wel!l as different types of T-cells, and it is unlikely
that the K, conductance is required for activation in
each of these instances.

Second, pharmacological evidence using & diverse
group of K, channel antagonists on a variety of T-cells
shows that these agents inhibit DNA and protein syn-
thesis at similar (11, 19, 22, 39, 141, 209), although not
always identical, concentrations (225), providing indi-
rect evidence that K, channels are involved in prolifera-
tion. [It should be also noted that if K-channel blockers
block in a state-dependent manner (34), then the duse-
response relationship of K, current block at 20 mV
(where most of the duse-response relationships have
been determined) and the duse-response relationship of
block at the resting V), may differ.] Despite these find-
ings, it has not been proven that the functional effects of
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‘the antagonists are actually mediated by K-channel

block. For example, K-channel blockers have been
shown to directly inhibit Ins(1,4,5)P; release fiom brain
microsomes (196). Schell et al. (229) have reported that
TEA and 4-AP (at concentrations that inhibit the X,
conductance) inhibit [*H]thymidine and amino acid in-
corporation in two tumor cell lines that replicate auton-
omously, suggesting that these agents act on the uptake
of nutrients rather than on pathways related to T-cell
activation.

Third, support for the involvement of K, channels
in proliferation comes from the observation that T-cells
from diseased MRL-1pr/lpr mice that fail to respond to
mitugens or antigrns do not upregulate the number of
K, channels un their surfaces. Rather, these cells consti-
tutively express 20-fold more K, channels on their sur-
faces than T-cells from MRL-1pr/lpr mice before the on-
set of the disease (18).

The mechanism by which K channels are involved
in T-cell activation is unknown. Phytohemagglutinin in-
creases K current in immature thymocytes, which do
not proliferate (231), indicating that although augmen-
tation of the K, conductance may be necessary, it is not
sufficient to induce proliferation. Before voltage-inde-
pendent Ca channels were described in T-cells, Cahalan
and co-workers (17, 22) proposed that Ca influx might
occur through voltage-gated K channels. Although it re-
cently has been demonstrated that Ca ions can enter
open K channels and cross the membrane to the inside
when the channel closes (94), it is unlikely that this
mechanism provides a significant route for Ca entry,
since K channels fail to conduct in isotonic Ba (232) and
stepped depolarization of Jurkat T-cells to 0 mV (which
activates K channels) does not detectably alter [Ca);
(150). Furthermore, indirect evidence that K, chaunels
are not permeable to Ca is provided by the following
observations. 1) depolarization of k' timan T lymphocytes
(thus activating K, channels) falis to increase [Ca), (77),
and 2) K channe! antagonists only partially inhibit mi-
togen-induced [Ca}, increases (18, 22, 77). Alternatively,
voltage-gated K channels may indirectly affect mito-
genesis by changing intracellular K levels, since [K], has
been linked with protein synthesis (135), or they might
set the resting 17, which may affect the mitogen-in-
duced rise in [Ca], (76, 188), thereby modulating the pro-
liferative respunse. Unfortunately, the relationship of
V., to T-cell activation is unclear: Gelfand et al. (76)
reported that depolarization with high-K medium inhib-
ited PHA-induced Ca uptuke after short-term exposure
to mitogen. However, for lymphocytes cultured in high-
K medium and continuously exposed tv PHA, prolifera-
tion was almost normal (43).

B) Culcium channels, 1t is well established that mi-
togens produce a rapid increase in [Ca), that is partly
due to an influx of extracellular Ca (87). The extensive
evidence supporting the view that Ca influx and the
subseyuent rise in [Ca], provide an important signal for
proliferation has been the subject of other reviews (72,
87, 153) and therefore is not covered in depth here. Al-
though it was originally hypothesized that voltage-
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gated Ca channels were respunsible for the eatracellular
Cua-dependent mitugen-induced [Cal, risg, it is now be-
lieved that they du not play a role in the mitogen-depen-
dent Ca influx, because 1) they are not detectable in
most T-cells (17, 72, 163), 2) concentrations of Ca chan-
nel blochers known tu inhibit voltage-dependent Ca
channels dv not consistently bluck mitogen-induced Ca
increases (72), and 3) depolarization by -high-K medium
(which would be expected tv increase the influx of Ca
through voltage-gated chunnels) has no effeet on [Ca),
(72,76, 188). This view has been confirmed by two recent
<escriptions of voltage-insensitive Ca currents in T lym-
phocytes (72, 151), supporting the hypothesis that a
non-voltage-gated Ca transport process is responsible
for the mitogen-induced Ca influx.

Kuno and Gardner (74, 130) suggested that T-cell
activation by mitogens results in an Ins(1,4,5)P; in-
crease that releases Ca from intracellular stores and
activates a transmembrane Ca channel (see sect. 1vA43).
Previous observations thot mitogens increase the phos-
phorylation of phosphoinositides and the generation of
inositol phosphates activation fit with this hypothesis
(113, 270). However, it is not clear which of the two Ca
currents, the Ca,,, current described by Gardner et al.
(72) or the Ca, current deseribed by Lewis and Cahalan
(151), is responsible for mitogen-induced increase in
[Ca); or, alternatively, whether the two currents are re-
lated (see sect. 1vA3). By simultaneously measuring
[Ca]; and membrane currents, Lewis and Cahalan (151)
demonstrated a temporal relationship between the
PHA-induced Ca currents and the oscillations in [Ca),
thus providing strong evidence that these currents un-
derlie the mitogen-induced Ca oscillations. Agonist-in-
duced or Ins(1,4,5)Ps-induced Ca currents similar to
those described by Lewis and Cahalan (151) were de-
seribed in whole cell recordings of rat peritoneal mast
cells (164). It should be noted that non-voltage-gated Ca
permeable channels have been described only in T-cell
lines. Therefore the functional relevance of these chan-
nels in normal T-cells must be regarded as speculative.

It has been suggested that the step that requires Ca
in mitogenesis is the production of IL-2, because IL-2
production requires both eatracellular Ca and an in-
crease in [Caj;, whereas the expression of IL-2 receptors
is independent of the rise in [Caj; (176). Further support
for this suggestion comes from the observation that ex-
ogenous IL-2 can trigger proliferation in IL-2 receptor-
bearing cells in the absence of an increase in [Cal; (183).
Nevertheless, the role of Ca in signal transduction is
more complex, since the requirement fur extracellular
Ca and a rise in [CuJ; cun be eliminated by treating cells
with phorbol ester plus mitvgens (79). Alsv, anti-Thy-1
antibody stimulation of IL-2 secretion in a murine T-cell
variant missing the T-cell antigen receptor oceuars in the
absence of any increase in [Cal, or phosphatidylinusitol
hydrolysis (265). Therefore althou- © “achannels/{rans-
porters appear to play an importan. cole in mitogen-in-
duced IL-2 productivn, Ca-independent modes of signal
transduction alsv are present in the T-cell.

C) Cytutoricity. Cytotuxicity mediated by cither cy-
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tolytic T Iy mphocy tes (CTL) or NK cells share several
identifiable stages, including a Ca-dependent program-
ming for a lysis stage that has an optimal temperature
of 37°C (6, 109, 211). This dependence on extracellular
Ca, together with the rise in [Ca]; after target ccli bind-
ing tu CTL and the immediate decline in [Ca); after re-
moval of extracellular Ca, led-to the hypothesis that Ca
channels play a pivotal role in cell-mediated cytotoxic-
ity (82, 206). Furthermore, the rise in [Ca); correlates
with 4 shape change in the CTL cells and a reorientation
of cytuplasmic granules (83). Poenie et al. (206) postu-
lated that binding the target cell to the T-cell receptor
opens Ca channels activated by secondary events that
occur between receptor binding and channel opening.
Voltage-dependent Ca channels have not been described
in CTL or NK cells (58, 232), and depolarizing CTL with
high K failed to induce a rise in [Ca);, (82). Thus it is
likely that voltage-independent Ca channels/transport-
ers similar to those described by Lewis and-Cahalan,
(151) or Gardner (72, 74) mediate the rise in Ca in the
effector cell.

The evidence implicating voltage-gated K channels
present in both mouse CTL (58) and NK cells (250) in
cell-mediated eytolysis is threefold. First, the amplitude
of the CTL K currenis in eytotoxic T-cell-target cell con-
jugates was enhanced by replacing external Mg with Ca
(conditions required for the lethal hit to take place) (58).
Second, Rb efflux was stimulated when cloned CTL
loaded with ®Rb were mixed with appropriate target
cells (224). Third, pretreatment of NK cells with vera-
pamil, 4-AP, Cd, and quinidine inhibited killing at doses
comparable to those that blocked voltage-gated K chan-
nels (232). Furthermore, by adding EDTA and channel
blockers at various times during cell killing, Sidell et al.
(250) demonstrated that K channels play a role in the
Ca-dependent killing phase and particularly in the re-
lease of NK eytolytic fa.or. The K-channel blockers 4-
AP and quinidine similarly innibit cytolysis by lympho-
kine-activated killer cells (143).

The role of K channels in this phase of cytolysis is
unclear. The findings that depolarizing NK cells with
high I s no effect on NK-mediated cytolysis and that
valinomycin, which should prevent the depolarization
produced by K-channel blockers, did not reverse the
block of cytolysis by quinidine, verapamil, or 4-AP (233)
argue against the possibility that K channels may func-
tion indirectly through effects on V,,. It should be noted
that cytolytic activity mediated by CTL cells is not inhib-
ited by verapamil (82), demonstrating that there are
distinct differences in the mechanisms of cytolysis me-
diated by these two cell types. In CTL cells, inhibition by
1-AP and TEA of ¢y totuxicity can be overcome by add-
ing IL-2, suggesting that the importance of K channels
in cytotosicity muy be related to their action on IL-2
production (244).

One report implicated Cl fluxes in cell-mediated cy-
tutuxicity (84). In that study, CTL-mediated ¢y totoalcity
was inhibited by isusmotic replacement of Cl with im-
permeant anivns, and stilbene disulfonates blocked cy-
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tolysis, providing indirect evidence that anion transport
may be involved in delivery of the lethal hit (84).

D) Volume regulativn. Exposing ly mphocy tes to an-
isotonic medium results in shrinhage or swelling, fol-
luwed by a regulation back tv nedar normal size even
though the cells remain in anisotonic medium (41, 90).
In T-cells, the RVD that occurs within 5 min of hypo-
tonic swelling is assoclated with a loss of buth Ct and K
and is dependent on an vutwardly directed K electro-
chemical gradient (90). The increase in Cl permeability
is at least partly conductive because it is associated with
a depolarization, so that V7, approaches E, and Cl flux
is independent of the concentrations of external anions
or internal cations (86). The ATP-dependent Cl, chan-
nels described by Lewis and Cahalan (147) may account
for the increase in Cl permeability during RVD because
they are osmotically activated (19). On the other hand,
the anion permeability sequence of the Cl, channel in
T-cells (2305 is identical to the sequence fur supporting
volume changes in swollen Iymphocy tes (87) and differs
slightly from the permeability scequence [or the ATP-
dependent Clg channel (147). Therefore further studies
are reguired to determine which Cl channel(s) is in-
vulved in volume regulation and how changes in cell vol-
ume regulate this Cl conductance.

Despite proposals to the contrary (88, 90), neither a
Ca cunductance nur o Ca-activated K conductance ap-
pear to be involved in the RVD respunse, because RVD
dues not require extracellular Ca and because [Ca), does
not increase during RVD (92). Alternatively, it is likely
that the voltage-gated K, channels provide the route for
the RVD-assuciated K efflux, since in the murine T lym-
phocyte clone L2 the RVD response is correlated with
the capression of voltage-gated K channels. Quiescent

2 cells have low levels of K channels and show no
RVD, whercas L2 cells stimulated with IL-2 to prolifer-
ate exhibit an increase in K, channels and 4 RVD re-
spunse (140). Furthermore, RVD 1s blocked by guinine,
TEA, verapamil, and CTX (41, 88, 92, 140) at concentra-
tions that block K, conductance. It has been suggested
that during RVD K, channels arce activated by depolar-
ization induced by cither the increase in Cl permeability
that vccurs during RVD (19) or the activation of streteh-
activated nonspucific cation channels (which have been
described in other cell types but not in lymphocey tes)
(41). Interestingly, gadolinium, which blocks stretch-ac-
tivated channels, also blocks RVD (11). The increase in
K permeability during RVD is present in cells depolar-
ized by high K, indicating that the RVD-activated K
conductance can be triggered in o voltage-independent
manner (92).

Because culls (with the eaception of kidney medul-
lary cells) are expused tu a narrow range of tunicity, the
physivlogical significance of RVD is unclear. Deutsch
and Lee (11) pustulated that volunie regulation supports
cell eycle progression and that cells may encounter and/
or generate local anisotonic conditions. Cunversely,
Grinstein and Diaon (87) speculated that the oy stem for
volume regulation is a vestige frum a time when osmo-
regulation was important.
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B. B Lymphocytes

As the effector cells of the humoral limb of immu-
nity, B Iymphocytes (which in mammals develop in the
adult bone marrow or the fetal liver) synthesize and
secrete antibody (262a). Surface immunoglobulin serves
as the antigen receptor on the B-cell. The binding of
antigen to its receptor initiates a complex series of
events leading to cell proliferation and the production of
antibody -secreting cells. The end stage of this matura-
tion process is the large plasma cell that can secrete
antibody at a rate of ~2,000 molecules/s.

1. Potassium conductances

I) OUTWARD VOLTAGE-GATED POTASSIUM CONDUC-
TANCE. The major ivnic conductance in both murine B-
cells immortalized at various stages of differentiation
with Abelson murine leukemia virus and in murine and
human resting and LPS-stimulated B-cells is an inacti-
vating outward K current similar in its threshold of ac-
tivativn (40 mV) and block by TEA to the K, channel
described in T 1y mphocy tes (29, 266, 267).[A preliminary
study has reported K, channels in a human B-cell-de-
rived lymphoma cell line, Louckes (242).] Sutro et al.
(267) reported that human tonsillar B-cells and murine
B-cells have 60 and 23 K, channels/cell, respectively.
Their voltage for half activation ranged from - 20 to -28
mV, and its time constant of inactivation was 140 ms
(shorter than that of human T-cells) (29, 267). As re-
ported for the K, channel in human T lymphocytes, in-
creasing [Ca], from 10 ® to 10°® M decreased the K-
cutrent amplitude and increased the rate of current in-
activation in murine B-cells (29). In addition, in murine
B-cells, like T-cells, the outward K current is blocked by
a variety of pharmacological agents, including extracel-
lular verapamil (&, - 10 uM), cetiedil (X, - 20 pM), qui-
nine (K, = 22 uM), 4-AP (X, = 300 uM), TEA (X, = 10
mM), and Coor Cd (K, 10 mM) (29, 267). The mecha-
nism of K, channel block in B-cells was described in only
one preliminary study, which demonstrated that 4-AP
blucks vpen channels and that the K, of channel block by
4-AP depends on both internal and external pH (28).
Thus the ionized form of 4-AP may block from inside the
cell. Furthermore, data on rate of 4-AP block and wash-
out of block suggest that two blocked states may ex-
ist (25).

A) Modulation of conductance. After treatment with
LPS, B-vells increase in size, proliferate, and secrete an-
tibodies. Sutro et al. (267) reported that LPS treatment
also doubled the density of K channels in murine B-cells
and that the increase in channel density was closely as-
suciated with the increase in cell size, that is, cells that
failed to increase their well size did not increase their K|
channel density. However,.different results were ob-
tained by Choquet et al. (29), who reported that the K,
conductance (unfortunately channel density was not
measured) in murine LPS-treated B-cell blasts did not
differ from the conductance in B-cell lines that were
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immortalized at carlicr stages of differentiation, Thus it
is unclear whether the state of immunocompetency of
the B-cell influences the presence of the K, conductance.

Choquet et al. (29) reported that GTP caused a
small initial increuse in the K, current, which may re-
flect the regulation of this conductance by a GTP-bind-
ing protein. When the patch pipette contained cAMP (1
mM), theophylline (1 mM, a phosphodiesterase inhibi-
tor), and ATP (G mM) the outw urd K, current was signif-
icantly diminished during the first 5 min of recording
from murine B-cells (29). Furthermore, adding the ade-
nylate ¢yclase activatur forsholin plus theophylline to
the bath alsu decreased the current and increased the
rate of inactivation. These effects were not due to a shift
in the G-V relationship for the K, current or to the in-
duction of an inward current. Alsv, adding the adenylate
¢yelase antagonist adenysine (2 mM) suppressed the ef-
fect of furshulin. Tuken together, these observations
suggest that fursholin acts specifically throagh its ac-
tion on adenylate cyciase tu inerease cAMP and that
¢AMP modulates the K, conductance in B-cells. As de-
scribed in section 1V A 1145, furskolin also reduced the K,
conductance in human T-cells, but in these cells cAMP
did not appear to modulate the K, conductance and the
effects of fursholin were not mediated by its efffect on
adenylate cyclase (127).

In addition tv modulation by cAMP, the K cunduc-
tance in murine B-cells cun be modulated by serotonin
[5-hydrouxsy tryptamine (5-HT)] (27). That is, expusure to
o-HT (10 uM) induced a transient increase in the peak
current, as well us & more maintained increase in the
rute of current inactivation. After treatment with 5-HT,
the cells became refractury to repeated stimulation,
vven after prolunged washing. The Increase in the peak
current was transduced by « SIIT, receptor, while the
acceleration of inactivation invelved 5-HT, recep-
tors (27).

B} Single-channel currents. Single-channel K
currents with the same conductance (17 pS) as the X,
currents in T-cells were reported in both human tonsil-
lar B-cells and mouse splenic B-cells (266, 267). How-
ever, they have not been well characterized. McCann et
al. (168), studying cell-attached and excised inside-out
patches in murine spleenic B-cells, reported two differ-
ent vutward single-channel K currents with conduc-
tances of 18 and 30 pS. The 18-pS channel (present in 9%
of the patches examined) and the 30-pS channel (pres-
ent in 3% of the patches) eshibited different voltage
sensitivities, the 15-pS channel upened at voltages more
depolarized than -20 mV, and the 30-pS channel opened
at voltages more depolarized than -60 mV, McCann et
al. (168) also reported that both channels were blocked
by TEA and Ba, but the blucking coneentrations or the
conditions uf block were not specified. They suggested
that the 18- and 30-pS channels correspond to the T-cell
K, ur K, channel and K; channel, respectively. However,
this suggestion is equivocal because the voltage depen-
dence reported by McCann et al. (168) for the 30-pS
channel is very different from that of the T-cell X, chan-
nel. Further characterization of the K channels present

ELAINE K. GALLIN

Volume 71

in B-cells is required to determine their relationship to
the K channels described in T-cells.

11) CALCIUM-ACTIVATED PUTASSIUM CONDUCTANCE.
Simultaneous measurements of both [Ca], and V), with
fluvrescent dyes have demonstrated that either antibod-
ies against surface immunoglobulins (anti-Ig) or iono-
mycin induce membrane hyperpolarizations in human
tonsillar B-cells (157). The anti-Ig-induced membrane
hyperpolarization was associated with an increase in
[Ca], and was abolished by placing cells in high-K me-
diam, strongly suggesting that a Ca-activated K con-
ductance w as responsible for the membrane hyperpolar-
ization. Although whole cell patch-clamp recording tech-
niques have not demonstrated a Ca-activated K current
in B-cells, two recent studies demonstrated Ca-acti-
vated K single-channel currents that may be responsi-
ble for the stimulus-induced hyperpolarization in B-
cells (160, 168). As discussed in section 1vA 111, Mahaut-
Smith and Schlicter (160; demonstrated that exposure
of both human tunsillar B-cells and rat thymocytes to
ivnomycin {in cell-attached patch experiments) induced
two single-channel current amplitude fluctuations (7
and 25 pS with 140 mM K in the pipette). The larger
channel was inwardly rectifying and had an open-chan-
nel probability that was only weakly voltage dependent.
The K channel activity that was sensitive to [Ca), was
also reported in excised patches from these cells (160).

A different Ca-activated K channel was reported
recently in 37 of the patches from resting murine B-
cells (168). These channels had a conductance of 93 pS
and, in cell-attached patches, were observed only after
applying large depolarizing potentials. Similar channels
were also noted in inside-out patches, where they
opened at both positive and negative potentials under
conditions of normal physiological gradient with 10 M
[Ca),. Channel activity increased when [Ca], was in-
creased, and adding EGTA inactivated thechannel, dem-
onstrating that the channel was sensitive to [Ca], (168).}

2. Culcium conductunce

No ligand-dependent voltage-independent Ca chan-
nels similar to those described in T-cells (72, 73) have
been reported in B-cells. Nor have any voltage-depen-
dent Ca channels been found in murine resting or LPS-
activated B-cells (29, 266). Voltage-dependent Ca chan-
nels were reported in the murine myeloma cell line S194
(which produces but does not scerete immunoglobulin)
and hybridoma cell lines constructed from the fusion of
5194 cell and splenic B lymphocytes (13, 56, 59). In these
cells, inward Ca currents were activated at potentials
greater than 50 mV and peaked at 20 mV. During
long (50 ms) voltage steps, current inactivated with a
single exponential time course, the time constant of
which decreased as the 1, became more positive, even

4 A recent study by Brent et al. (14za) indicates that B-cells have
vet another type of Ca-sensitive channel, a nonselective cation chan-
nel that is inhibited by [Ca],.
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beyond the peak for the inward current. Substituting Na
for TEA had no effect on the decay of the inward Ca
current. Thus the current decay is not due to the develop-
ment of an outward current or to 2 Ca-induced inactiva-
tion of the current but probably reflects voltage-depen-
dent inactivation (56, 57). The channel also was perme-
able to Sr and Ba (permeability sequence = Sr > Ca =
Ba) (56) and surprisingly was rather insensitive to block
by D 600 and nifedipine (59). The Ca channels in hybrid-
oma cells are similar to the T-type or low-threshold Ca
channels in other cells that are less sensitive to organic
Ca channel blockers than other Ca channels (180). More
recently, Bosma and Sideil (13) demonstrated that both
retinoic acid (K, = 5 X 107 M) and octanol (53 uM
produced a 40% decrease) blocked the peak voltage-
gated Ca currents in a similar (MHY206) hybridoma cell
line. In that study, octanal also increased the rate of
current inactivation.

Because no other voltage-dependent conductances
were present, murine hybridoma cells provided Fuku-
shima and Hagiwara (57) with a model for examining
the permeability of monovalent cations through the hy-
bridoma Ca channel. They demonstrated that internal
monvalent cations can carry outward currents through
Ca channels and that external monovalent cations carry
inward currents through the channel when external di-
valent cations are reduced to the micromolar range. The
selectivity of monovalent cations through Ca channels
(in the absence of Ca) was Na > K > Rb > Cs. In the
presence of Ca or other divalent cations, munuvalent
cativn currents were blocked in a voltage-dependent
manner. The data indicated that under normal condi-
tions Ca channels are occupied by divalent cations and
are impermeable to mounovalent cations. Huwever, when
divalent catiuns are extruded from the channel, the Ca
channel becomes permeable to monovalent cations (57).

3. Sodium conductance

Inward whole cell currents that had a time course
of activation and decay similar tv Na currents were re-
ported in a single recording from a human tunsillar B-
cell (267). Inward single-channel currents having a 17-
pS conductance were alsu ubserved. Unfortunately,
these events were not characterized, so it was not possi-
ble to conclude that they represented the activation of
Na channels.

4. Chloride conductance

I) LARGE-CONDUCTANCE CILORIDE CHANNEL. A
large-conductance anion-permeable channel with multi-
ple conductance levels has been reported in murine
splenic B lymphocy tes (167) and in an antibody -secret-
ing transformed hybridoma cell line made by fusing a
rat myeloma with splenic B lymphocytes (12). The act’
ity of this channel, shown in Figurc 3, is similar tv Jhe
Cl,, channe] activity described in macrophages, T lym-
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Fie 5 Cell-attached patch-clamp recording of subconductance
levels of large-conductance anion channel in hybridoma cell line con-
structed from fusion of S194 mouse myeloma cells and mouse splenic
B lymphocytes. A: records showing various subconductance levels in-
dicated by dotted lines. SC, supraconductance level, C and continuous
ling, clused level, O, upen level. Calibration of 1,25 pA 1s for currents
recorded at rest voltage unly, all vther refer to 2.5-pA calibration. All
voltages are relative to resting potential of cell. B: current-voltage
relation for currents recorded from different on-cell patch for main
open level (195 pS) and 30% subconductance level (64 pS). Reversal is
shown at arrow at +25 mV above rest. (From Bosma (12).]

phocy tes, and other cells (9). It was frequently seen in
excised inside-vut patches, where its conductance in
symmetrical NaClor in physiological solutions was 350-
400 pS (12, 167). It was estimated that there were 400-
500 channels/hybridoma cell (12). The anion-to-cation
permeability ratio was 10.1 in hybridoma cells (12) and
33.1 in murine B-cells (167), thus in B-cells, like T-cells,
the Cl;, channel was more selective for anions than the
Cl,, channel in macrophages (236). In hybridoma cells,
the Cl;, channel permeability sequence for anions was
F > 1> SCN > Br> Cl> glucuronate > NO; > aspartate,
which differs from the permeability sequence reported
in T-cells (12). Moreover, the conductance sequence in
hybridoma cells, which was Cl > SCN = F > Br > NO; >
I, glucuronate ~ aspartate, was not the same as its per-
meability seyuence, suggesting that the permeating
ions were interacting within the channel (12). Interac-
tion of permeant anions with the channel also was sup-
ported by the finding that in mixtures of anions there
was an anvmalous mole fraction dependence of channel
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conductances, that is, & misture of SCN and Cl (highly
permeable anions when present individually) reduced
the channel conductance. Mixtures of K and Tl produce 4
similar cffect un the inwardly rectifying K channel in
oocytes and other cells (99, 223).

As noted in macrophages and other cells, B-cell Cl,
channel activity is characterized by subconductance lev-
els, These included states that were 10, 30, 35, and 797%
of the full conductance level (12). In addition, « supra-
conductance level of 510 pS was noted, which -has not
been described in either mucrophages or T-cells. The
supraconductance level tended to cluse more frequently
than the other levels, suggesting that entry to the clused
state was easier from this level (12).

Spuntancuus Cl, channel activity was vnly noted in
107 of the cell-attached patches from hy bridoma cells,
but it could vccasivnally be activated by depolarizing
steps (12). In these cases, the conductance levels of the
fully upened state and the substates were lower that
those in excised patches, probably because intracellular
Cl was reduced. In the cell-attached patch, channel open
probability increased up to 10 mV (relative to rest) and
decreased for depolarizations beyond 10 mV (relative to
rest). The behavior of the Cly, channel changed in three
ways after excision. 1) upen probability did not decrease
fur putentials positive to 10 mV, 2) the voltage depen-
dence of vpuning became less steep at negative poten-
tials, and J) there was nu maintained residence of the
channel in the 3070 subconductance state. Buosma (12)
pustulated that these changes may be due to modulation
of the channel by ¢y toplasmic constituents, fitting with
the vbservation in T-cells that the Cl, channel can be
activated by the catalytic subunit of protein hinase A
plus ATP (195).

Similar to the Cl, data in macrophages and T-cells,
the gating characteristics of the channel could be mod-
cled by two independent voltage-dependent gates (12).
The Cl;, channel wus reversibly bloched by ¢y toplasmic
SITS with a A, of 5.08 mM at 0 mV. The distance of the
blocking site in the membrane was estimated (from the
voltage dependence of the SITS block) to be 0.37 from
the cytoplasmic side. Here DIDS was five times less ef-
fective than SITS and anthracene-9-carbuxy lic acid (1
mM) had no effect un the channel (12).

11) ADENOSINE 3,5'-CYCLIC MUNUPHUSPHATE-REGU-
LATED CHLORIDE CHANNEL. Chen et al. {255 demon-
strated that normal human Epstein Barr virus (EBV)-
transformed (B-cell) 1y mphoblasts contained a ¢cAMDP-
dependent Cl (Cl,) channel similar to that present in
Jurkat E6-1 cells (see sect. IVA4IN). This channel was
also present in eacised patches from mutant human
EBV-transformed lymphoblasts from patients with
cystic fibrosis. Huwever, in patches from those eells, reg-
ulation by ¢cAMP was defeetive. X 10-pS Cl channel has
alsu been described in 107 of eacised patches from mu-
rine splenic B-cells (168). Similar to the ¢AMP-regu-
lated channel, this Cl channel exhibited outward rectifi-
cation in sy mmetrical solutivn but, unlike the cAMP-re-
gulated channel, [Ca], had nu effect un channel activity.
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Further experiments are required to determine if these
two 40-pS Cl channel represent different Cl channels.
i) OTHER CHLO..'DE CHANNELS. Two other Cl con-
auctances have been repurted in patch-clamp studies of
murine splenic B-cells, but neither has been well char-
acterized. The first was described-in section 1vA4II and
is a Cl, channel present in both T-cells and B-cells that is
slowly activated inwhole cell recordings when the paich
electrode cuntains hypertonic medium plus ATP (19,
147). In addition, McCann et al. (168) descri* ed a 128-pS
Cl channel that was inactive in cell-atta..ed patches
but was activated in excised inside-out patches from mu-
rine splenic B-cells. The channel had 4 linear I-V rela-
tionship in a symmetrical Cl gradient and was voltage-
dependent with channel openings increasing as the
pateh was depolarized beyond -50 mV. It was selective
for Cl vver cations (Cl-to-Na permeability ratio = 11,
Cl-tu-K permeability ratio  8) but was permeable to
aspartate (Cl-to-aspartate permeability ratio = 4).

5. Physivluyicul relevance of ivnic conductances

When activated by a4 combination of signals that
include the binding of antigen and signals from acces-
sury cells and T-cells, the B-cell enlarges, divides, and
differentiates intv an antibody -secreting cell (186). This
prucess is complex, and the mechanisms of signal trans-
duction that vecur during the various stages of activa-
tivn are not well understooud. Moreover, when compared
with T-culls, relatively few electrophysiological studies
have been done un B-cells, and there are little or no data
clucidating the physiological relevance of the ionic con-
ductances that have been deseribed. On the other hand,
support fuor the involvement of ionic channels comes
from numerovus studies using indirect probes of 17, and
Ca (87). A few of these studies are discussed here in
terms of their relationship tv the electruphysiological
data un B-cells, huwever, the reader is encouraged to
refer to other reviews for a more comprehensive discus-
sion (75, 87).

I) SETTING RESTING MEMBRANE POTENTIAL. The
resting V7, of mouse spleen B-cells as assessed by two
different V7 -sensitive fluorescent dyes is approxi-
muately 60 mV and is relatively dependent on K (220).
Although it is clear that K conductance(s) plays an im-
portant role in setting the resting 17, no data exist on
the relative contribution of any of the other ionic con-
ductances that have been described in B-cells to the
resting V.

1) B-CELL ACTIVATION. A) Potussium channcls. Po-
tassium (*"Rb) flunes vceur after stimulation of B-cells
with anti-Ig (103) or LPS (191), as well as in B-cells
activated in the presence of mitogen-stimulated cells
(192). As noted, anti-Ig also produced a membrane hy-
perpularization in B-cells, supporting the view that K
flunes vceur via a conductive pathway (158). Neverthe-
less, there is little information about the functional im-
purtance of K conductances in b-cell activation. Vayu-
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vegula et al. (273) repurted that verapamil, yuinine,
1-AP, and TEA bluck anti-IgM-induced B-cell prolifera-
tion with a putency sequence that is wWdentical to that for
K,-type channels in T-cells. In contrast, Ransom and
Cambier (214) repurted that TEA (10-100 mM) did not
block anti-Ig-induced IA eapression in murine B-cells.®
Furthermore, examination of the K, conductance in sev-
eral B-cell lines eahibiting different stages of immuno-
globulin secretion demonstrated a lack of correlation
between these two phenvmena, suggesting that the pres-
ence of this wnductance is independent of immunocom-
petency.

If the K, cunductance is important in B-cell activa-
tion, then the observations that the K, conductance is
moudulated by buth [Ca], and ¢cAMP are certain to have
functional implications since both [Ca), (8, 157, 196) and
cAMP (189, 191 have been implicated in B-cell activa-
tion, The rise in [Ca], might alsv activate Ca-activated K
conductancets), resulting in e membrane hy perpolariza-
tion. In addition, the activns of 5-HT on the K, conduc-
tance may alsv play a role in B-cell activation.

B) Culcuenm channels. Indirect evidence indicates
that voltage-gated Ca channels present in hybridoma
cell lines ubtained from he fusion of S194 and murine
splenic B-cells may be related to immunoglubulin secre-
tion and,'vr cell proliferation (15, 59). A comparison of
the Ca currents in the S194 cell line and in two murine
hybridoma cell lines during a 4-day culture period indi-
cated that 1) the Ca current of secceting hybridomas
was larger than the Ca current of nunsecreting S194
cells, 2) changes in Ca current correlated with the time
after the cells were tranferred to fresh medium, and 3y
there were parallel changes in the density of Ca current
«nd immunoglobulin seeretion 1595, However, a high
concentration (100 uM) of D 600 completely blocked both
proliferation and antibody production, but it only
blocked Ca currents by 37%. In a different hy bridoma
cell ling, Busma and Sidell (13) demonstrated that reti-
noic acid, a biolugically active metabolite of vitamin A,
produces a duse-dependent block of Ca channels in the
MHY206 hybridoma cell line that correlated with the
ability of retinoic acid to inhibit cell proliferation. Thus
the data are suggestive that the Ca current in hybrid-
vma cells may be related to immunoglobulin secretion
and/or cell proliferation.

With the exception of S194-derived hybridoma
cells, neither ligand-induced or voltage-gated Ca chan-
nels have been described in murine and human resting
vr LPS-stimulated B-cells. However, several observa-
tions have indicated that B-cell activation by sume stim-
uli induces ¢ Coa influx and that this influx vccurs
through Ca channels (87). First, antibodies against the
antigen receptor un mouse splenic B ly mphocy tes induce

*The reason for the discrepaney between these two observations
has been clarified by recent studies that demonstrate that TEA blocks
B-cell proliferation during the second half of the G, phase of the cell
cycle, whereas 1A expression occurs yust before sumulited B-cells
enter Gy (2a, 14a).
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4 rise in [Ca, that precedes capping, and removing ex-
ternal Ca diminishes the [Cal, increase (208). Similarly,
a biphasic increase in [Caj, was repurted after exposure
of human torsillar B-cells and murine B-cells to anti-Ig
antibuodies, and removing extracellular Ca ir. iibited the
sceond more prolunged phase of the [Ca), increase (8,
157). , Tt should be noted that uscillations in [Ca) lasting
for hours have been demonstrated in single murine B-
cells and that in the absence of external Ca the oscilla-
tivns only persist for several minutes (282).; Second, the
addition of Mn, which can permeate Ca channels but
quenches the fluorescence of the Ca indicator indo-1,
also demonstrated the activation of a Ca permeability
after anti-IgM stimulation of human B-cells (157).
Third, anti-Ig induced & membrane depolarization in
bouth murine B Iy mphocytes and human tonsillar B-cells
that was dependent un eatracellular Ca (157, 213).

Depolarizing B-cells or B-cell tumor cell lines with
high-K medium had no effect on the increase in [Cal,
pruduced by anti-Ig antibodies (8, 133, 157), indicating
that the influx pathway does not involve voltage-gated
Ca channels. Furthermore, in the WEHI-231 B-cell line
derived from o lymphoma, anti-IgM, which produces a
rapid rise in [Cal, failed to induce a simultaneous mem-
brane depolarization (which would be expected if a volt-
age-gated Ca channel was activated). This observation
is suppurted by the absence of voltage-gated Ca currents
in patch-clamp studies of resting and LPS-activated B-
cells (29, 168). Hence, it is likely that ligand-gated volt-
age-independent Ca channels are involved in B-cell acti-
vation by anti-Ig antibodies. Because B-cell activation
induces buth phosphuinusitide turnover and Ca mobili-
zation (7, 133, 215), a likely candidate would be an
Ins(1,4,5)P5-sensitive Ca channel similar to that de-
scribed in T lymphocytes (72, 73).

Although increasing the influx-of Ca with Ca iono-
phores can result in an activation of B-cells (213, 216), it
is not clear at what stage of B-cell activation, if any,
influx of Ca (in contrast to release of intracellular Ca
stures) is required. For etample, although a [Ca), in-
crease precedes capping induced by anti-Ig antibodies,
cells in Ca-free medium that were Jepleted of [Cal,
capped normally without a rise in [Ca), (208). Further-
more, not all agents that activate B-cells increase [Ca],
neither LPS nor PMA, which activate B-cells, induces an
increase in [Ca), (7). Therefore at least two different ac-
tivation pathways, une that requires [Ca), and one that
does not, are present in B-cells.

C) Voulume regulution. As described in section
1v.oly, the RVD response that occurs after exposure to
hypotonic medium involves increased permecability to
both Cl and K (for reviews see Refs. 41, 87). Unlike hu-
man T-cells, RVD takes =1 h to veeur in human tonsillar
B-cells (26). Although swelling in B-cells induces an in-
crease in Cl conductance that is comparable to that
noted in T-cells, no augmentation of K permeability oc-
curs (86). However, adding a cation ionophore results in
a secondary RVD response in hypotonically stressed B-
cells. These observations indicate that the Cl permeabil-
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ity pathway and the K permeability pathway involved
in the RVD response are independent and that ihe in-
ability of B-culls to undergo RVD is due to a low K per-
meability.

The absence of an usmotically induced K conduc-
tance in human tunsillar B-cells wotpared with human
T-cells may be related to the differenee in the num®er of
K, channels in vach cell ty pe, both human tonsillar B-
cells and B-cells from peripheral blood have ~207 of
the outward K conductance repurted in resting human
T-cells (40, 267). This courrelation between the increase
in K permeability after hypotonic stress and the num-
ber of K, channels supports the idea that K, channels
are responsible for the RVD-associated K efflux (sce
sect. IVASIV).

No direct evidence indicates which Cl conductance
is responsible for the Cl flux during RV 1. Nevertheless,
it s likely that similar pathways for Ci {lux are used by
both T- and B-cells and that this pathway involves the
ATP-dependent Cl, channels reported in both T- and
B-cells (147).

V. CONCLUSION

The objective of this review is to provide readers
with a summary of the electrophysiological data de-
scribing ion conductances in leukocytes and their poten-
tial physiological relevance. Leukocytes contain a diver-
sity of buth voltage-gated and/or second messenger-
modulated ion channels, and the identifying features of
many of these channels are known. Despite considerable
progress, a myriad of questions remain. with the most
relevant being the relationship of these ion channels to
leukoceyte function.

Some of the answers to this question are likely to
involve the coupling of ion channels to intracellular sig-
naling pathways (130). A prodigious increase in under-
standing of the bivchemical signaling pathways in leu-
kocytes has occurred in parallel with progress in de-
seribing ionic conductances in these cells. This increase
in knowledge, together with the unique adaptability of
the patch-clamp technique to different recording
modes, should provide a clarification of the functional
relevance of ion channels in leukocytes.

Several other points are salient to a discussion of
the physiological relevance of the ion channels de-
scribed here. First, activation of leukocytes can occur
through multiple signaling pathways, and it is likely
that ionic conductances, which may be important in one
signaling pathway, are not important in others. Second,
the relevance of data obtained from tumor cell lines,
which vary widely, to normal leukocyte function must
be interpreted with caution until it is repeated in nor-
mal leukocytes. Third, unlike jon channels in excitable
cells, many of the ionic conductances that have been
described in leukocytes may have only indirect effects
on cell function. That is, by influencing ion homeostasis
and membrane potential, ion channels may modulate
protein synthesis (135), reeyeling of receptors (12), or
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influx of Ci .15, 152) without being directly involved in
the signaling pathways.

Furthermore, little is known about the presence of
ion chaunels in intracellular compartments or about the
disribution of wn channels on the leukoeyte surface dur-
ing capping, ;" egocy tusis, or vther physiological events.
The applicativa of molecular bivlogical techniques to
the study of iwukocyte ion channels will surely provide
useful mechanioms to better define the importance of
ion channels in leahocey te function and to elucidate how
they relate to similar ion channels found in other cell
types.
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Xirradiation of the neoiatal rat lippucampus produces o selective hypoplasia of fasuia dentata granule cells, locomotor hyperactivity,
penscvatative movenienls and defiats i passive woidanve. We previvusly reported that transplantation of fetal hippucampal tissue into the
adull (age 182 1 4 days) brain produced a partial iceovery of these behavioral defiuts. Since grafthust interconnections are more prominent
wheo tansplants arc conducted soun after radiativi induced luppocampal damage, i this study we transplanted hippocampal or cerebrai cortex
ncurons when houst rals were 33 205 days of age e, only 16 days after radiogeniv brain damage). Behavioral evaluations were conducted
80 und 182 duys after tansplantation ur surgical wntrol prucedures. In the first test senes only, selective vomponents of locomotion (e.g.
stereutypy and tutad distanee travided) and purseveialive turming (v.g. mean oout Jength and turning speed tupugraphy) were normalized by
*he hippocampal gralls: Rudiaton-inducd changes in passive avoidance were less prominent in these studies than in past expeniments. Still,
trw splantation of hippucampal Ussuc improsed performance on this learming tash as well. Cerebral cortex grafts did not produce rehable
improvements 10 most behavioral measures Those data suggest that hippucampal grafts placed soon after X-ray induced fasua dentata
hypoplusia reduce a broad range of blhavioral defiats. However, these benefits are transtent and, for the most part, depend on the use of

transplant tissues homologous with those damaged.

INTRODUCTION

It is pussible tu pruduce selective hypoplasia of the
hippocampal granule cells by X-irradiating the partially
shiclded rat brain. Spedificity of damage is assured by
conducting the radiation exposure when fascia dentata
granule cells are mitotiv, but adjucent neurons are
mature (and therefore less radiosensitive)® ™, This brain
damage effectively disrupts major afferents to the hip-
pucampus by chminating the target cells of the perforant
path (from entorhinal cortex). Thus, although the lesion
is discrete, it often produces behavioral consequences
similar to hippocampectomy®™ . Bayer et al.?, for
example, described locomotor hyperactivity, reduced
spuntaneous alternation in o T-maze and retarded acqui-
sition of a passive avoidance tash i rats with early
radiation-induced damage of the fasug dentata. More
recently, we replivated and extended this work by
revedling that rats with hypoplasia of the fascia dentata
granule cells also exhibit perseverative spuntancous
turning™ and that behavioral deficits change significantly
over time’27%,

The behavioral and neuroanatomical aberrations ob-

served in animals with radiation-induced hippocampal
damage can be partially attenuated by transplanting
embryonic hippocampal neurons nto the young adult
fascia dentata®™ *"* * Zymmer and his colleagues*
described how this fascia dentata hypoplasia and place-
ment of neural grafts causes secondury neuroanatomical
changes. They report that the hippocampal mossy fiber
system 15 attenuated corresponding to the reduction in
granule cells. Further, the perforant pathways from the
entorhinal cortex project aberrantly onto the basal
dendrites of CA3 hippovampal pyramidal cells in the
absence of sufficient target granule cells. These data
suggest that the bramn’s dynamic response to granule cell
hypoplasta may produce a transient period i which
ntervention with transplantation of neural tissue may be
beneficial. In fact, Zimmer* 1eported a ime-dependent
decrease in the growth of host fibers into hippocampal
transplants. If grafts were placed 5 or 10 weeks after
radiation-induced hypoplasia of fasuia dentata granule
vells, it was impossible to demonstrate ngrowth of
commissurdl hippocampo dentate fibers into the trans-
plants. Stein et al.*® also found that brain damaged rats
with transplants at 7 or 14 days after cortical lesions
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signtficantly improved  postoperative acquisition of «
spatial alternation task. Transplants performed 30 or 60
days. postoperatively had no bencfit.

The factor of subject age at the time of ncural
transplantation has also received considerable scrutiny.
For example, Stenevi et al.** have reported that grafts
survive well in neonatal, young pustnatal and old rats.
Similarly, other data suggest that there 15 no difference 1n
the growth of the graft in the brains of neonatal, 6-day-,
or 9-day-old rat pups’. Kaplan et al.™" also report that
there 1s no qualntative effect of host age on graft
morphology nor were there quantitative effects on
transplant stze, dendritic length or branching frequency
within the transplanted tissue. These data may be
contrasted with the report of Stein et al.*® who noted that
uld (20 munths) rats with bilateral lesivns of the frontal
cortex do not show any behavioral benefits following
implants of fetal brain tissue. Further, Zimmer’s data®®
(sce above) dearly show how host age wan dlter the
nature of host/graft interconnections in the brains of
irradiated rats.

In the current study, we grafted embryonic fascia
dentata or cerebral cortex neurons into host rats with
fascia dentata granule cell hypoplasia. Transplants were
performed at age 33 days (1.e. only 16 days after the
completion of the radiation treatments). This contrasts
with our previous experiments in which we reported
partial behavioral recovery in rats recerving hippocampal
grafts at approximately 6 months of age (1.c. > 5 months
after the initial brain damage). Since graft/host intercon-
nections are more prominent when transplants are
conducted 1n young rats soon after brain damage®®, we
hypothesized that a more-complete behavioral recovery
uught follow frum promipt neurdl transplantation.

MATERIALS AND METHODS

Subjects

Pregnant rats (Crl: CD(SD)BR) obtained from Charles River
Laboratories, Kingston, NY, and screened for evidence of disease
were housed in a facility accredited by the American Association for
Accreditation of Laboratory Animal Care (AAALAC). Tempera-
ture and relative humidity in the animal rooms were held at
19-21°C and 50 % 10%, respectively, with 10+ air changes/h.
Full-spectrum lighting was cycled at 12 h intervals (lights on at
06.00) with no twilight. The 59 male rats used in these experiments
came from a total of 18 different litters. On the day of birth (day
1) litters were culled and only 4-8 males/litter were reared together.
Bascd on a random sclection process, from 1 to 6 of these rats in
cach litter were actually used in the experiments reported here. All
rats were weancd at the same time (between 23 and 28 days after
birth) and then individually housed in micro-1solator, polycarbonate
cages on hardwood chip contact-bedding. Rats were given ad-lib
Wayne Rodent Blox and water.

Irradiation procedure
Irradiations were conducted as desenibed previously™  Bricfly,
subjects from cach litter were randomly assigned to either the
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X irradiated ur the sham-rradiated (control) group. Irradiated rats
received collimated X-rays delivered dorsally, in the coronal plane,
through a narrow slot in a loose-fitting whole-body lead shield.
X-rays were confined to that arca of the head previously determined
to wntan the luppovampus (see ref. 6 for a complete explanation
of this procedure). The irradiated rats were exposed to 2 0 Gray
(Gy) on postnatal days I and 2 (day of birth = postnatal day 1), and
to 1,5 Gy on postnatal days S5, 7, 9, 12, 14 and 16 for a total
partial-head-only dose of 13 Gy (1 Gy = 100 rads). Doses were
determined by using Exradin 0.05 ml tissue-equivalent ion chambers
with calibration traceable to the National Institute of Standards and
Technology. X-rays were delivered at a rate of 0.49 Gy/min (total
irradiation time = 3,0 -4.0 nun) at a depth of 2 mm 1n ussue. The
sham-irradiated control rats were restrained for the same time
period as the irradiated rats but were not exposed to X-rays.

The entire antenor/postenor extent of the hippocampal formation
was arradiated a5 were bran arcas dJorsal and ventral to this
structure (sce ref. 32 for a listing of these other brain arcas). Brain
structures anterior and posterior to the slot in the lead were
shielded. At the time of our postnatal radiation exposures the rat
brain wntained 3 remaining pupulations of dividing (and therefore
radiosensitive) cells: neuronal precursors of granule cells in the
hippocampus, cerebellum and olfactory bulbs®*, Two of these
major neuronal precursor populations (in the cerebellum and

olfactory bulbs) were covered by the radio-opaque shielding. Not™

shielded were the mitotic (radiosensitive) granule cells of the
dentate gyrus and the mature ncurons in other brain structures
residing in the same coronal plane as the hippocampus. This
procedure produces selective hypoplasia of granule cells in the
dentate gyrus®-!® while sparing the radioresistant®!” mature neurons
of other brain structures. The technique has been validated through
a variety of neuroanatomical methods®16%, The rats in the current
study were sacnificed at the end of the expenment to allow
histological analysis of the brain (see below).

General procedures and experimental groups

Following irradiation or sham-irradiation, rats were allowed to
mature for approximately 1 month (mean age 32.9 & 0.5 (S.E.M.)
days) before neural transplantation and sham-surgical procedurcs
were conducted (see Table 1). Rats were tested approx. 2.7 months
(at mean age of 113 £ 2 (S.E.M.) days) and again at 6.1 months
(mcan age of 217 £ 3 (S.E.M.) days) after the surgical procedures.
Sce Table I for average ages of rats at the time of cach behavioral
test.

Thirty-cight expcrimental rats were irradiated in order to produce
hypoplasia of the fascia dentata granule cells. Rats were later
randomly assigned to various surgical conditions. Some of these
animals received hippocampal grafts (n = 9) or tissue from a
non-homologous CNS area (cerebral cortex; n = 11), Other
irradiated subjects (1 = 7) received no neural grafts but underwent

TABLE I

Average rat age (days % S.E.M.) at ume of transplant surgerylsham
surgery and various behavioral tests

Event Irradiated* Sham-irradiated*
Surgery/sham surgery 32.6x0.6 33.8+0.7
First rotation serics 80.2£0.6 80.4 £0.8
First passive avoidance 108.9 % 1.1 107.9 £ 1.3
First locomotion scries 146.0 £ 5.2 157.0£8.9
Second rotation scries 221.6%2.2 223.4:%2.8
Sccond passive avoidance 192.6 + 1.4 194.0£ 1.9
Second locomotion scries 230.3£5.6 243.4+8.7

* Sub}cuts were irradiated; sham-irradiated on 8 days during postna-
wal days 1-16 (day of birth = postnatal day 1). Sce text for details.
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a4 sham surgival procedure i order o evaluate the CHodts of wur
surgival techaques  Addional rats (n - 1) with radistion induced
fascia dentata damdge reeened noosurgieal treatment Sham-
irradiated control rats alsu underwent o shami-surgical provedure (1
= 12) or experienced no surgery (n = 9)

Behavioral tests

During each test series we recorded performance on 3 primary
behavioral measures: locomotor activity. spontaneous rotation and
passive avordance (see below and Table I). Rats with fasuia dentata
granule o hypuplasia purform pourly on passive avuidance tashs
by readily moving into an arca in which they have recently been
shuched® ™ ™, These subjects have cabianced levels of spontancous
lowomutur hyperactiviy” 7 and buome hixated on sume motor
respunse patterns. In patticadar, they cahibit purseverative turmng
(0 o buwl apparatus) and arc dess hikily o reverse their dircction
of rotatiun™ ™, A brct descnipuion of the behavioral tts used 1
this study follows (see ref. 28 fur more details),

Locumotor aundy  Lotomotor behaviurs were automativally
reeorded using Digiscan Animal Activity Moumiturs, Mudel DUCM- 16
(Ommtech Elcctromes, Columbus, OH). Moniturs cunsisted ol a
syuare aurylic activity arena (40 & ) x 30 um) and an array of
infrared honzontal and verteal sensurs 1 anch (2,54 um) apart,
Hurtizontal and vertical scisors were pusitiviied 1.3 and 11,0 vm,
respeetivedy, abuve the floor of the cage. Measurements were made
i a Digiscan activity momtor for at least two, 1-h peniods separated
by 1 week or more. The following activity parameters were recorded
Junng the Lighted purtion ol the darh-hight cycle. (1) wial distance
traveded, @ micasure ot honzontgl lucomonon that goes beyond
infrared buam breah counts, tahing 1o aveount diagundl move-
ments, and computes dactual distance traveled, (2) vertical activity,
widl pumber ol bueam inicrruplions that veeurred 1 the vertival
seisur (these buam bredhs reflected rearing and hugh smitfing
muvements), (3j stereotypiv moverticnts. aumber ol veeurrenees ol
quivh (< 1) repetitive breaks ol the same honizontal beam,

Spontaneous rutativn. Rotation was measured in one of two
opaque, sound-insulated, 60-cm diameter plastic hemispheres
(bowls). Rotation within the hemisphere was inevitable since this
was the primary gross muvemeut peitted by the shape of the
apparatus Circling was measurcd through o progector-diive cable
Jipped 1o a wide rubbur band around the rat’s thoraa's. We
recordud the time and dircction of cach yuarter wirn in cach of 6
30 min scssions, at appruximately the same tume duning the lhight
portion of the day, for 6 cunsecutive days.

Passive avordunce Passive avordanee was micasured within o
shuttle bux comprised of two adjacent cumpartments (cach 22 & 22
¥ 22 um) separated by o black plastic guillotine dour. Leads frum
a Coutbuurn Tostrument’s (Lehigh Valley, PA) constant-current
shucher (Muddd £13 04) were connected to the fluur bars in the gual
compartment but not tu the bars in the start compartment.

Three to 7 days before traiming, rats were given daily rations of
S g of Wayne Rodent Blux and 1 5 g of highly palatable breahfast
cereal (Frout Loops, Kellugg Cumpany. Battle Crech, MI). For 2
to 4 days befure training, cach rat was allowed to fully wxplore the
shuttle bux (with cercal in o fuud tray) for 15-45 min. Body weight
on the first day of training averaged 877 of subject weight for the
weeh privr tu food reduction Duiing traimng (15 thials cach day)
the rat was placed in the start compartment with the divider door
vosed After S5 the duur was raised and o timer started. The tnal
ended cither when the rat grasped o Froot Lovp or in 2 min.
Between training trials, the rat was returned toats hume cage for 30
s Avoidance testing was started when a rat buth averaged less then
105 per trial to grasp the foud during ¢ traimng sussiun and, un the
first 5 trials of the following day, had a median Iatency to grasp the
food in 10 s or less.

Avoidance training tosting comsisted of initiating o regular traiming
trial as usual Howcver, when the rat’s 4 foel were in the goal box,
the experimenter administered o 0 25 mA scrambled foutshudh until
the rat retreated to the safc side The rat was then returned to ats
home cage for 60 > This pruccdure was repeated un subsequent

tnals eavept that the floor on the tood side of the chamber was
wntiiuowsly clectrificd. The cntical lateney measured was the tume
for vach rat to uruss untu the shoch gnid. A tnal was terminated if
the rat vither crussed onto the foodishuch side of the chamber
(registering a Jecrease 1n resistance across the rods) or stayed on the
safe side for 120 s, The session (and test) was ended when the rat
remaned in the safe arca for 120 s on 3 consecutive trials or after
20 test trials.

Surgery, fetal graft preparatton and myection

Twelve of the shamarradiated rats and 27 of the rradiated
ammaly underwent a surgical procedure at approx. 33 days of age.
The animals were injected with atropine sulfate (0.4 mg/hg, 1.p.)
and then anesthetizad with sodium peatobarbital (50 mg/hg, 1.p.).
Using ascptic techmgues (see ref. 28), a 20 gauge stanless steel
wannula was stereotaxically directed toward the dentate gyrus of the
hippucampal formatiun in cach brain hemisphere using the follow-
ing coordinates. 3.5 mm posterior to bregma, 1.6 mm lateral to the
midhine, 4.0 mm beluw the shull™. Donor tissues (see below) were
ut intu approx. 0.027 mm’ fractions and 3 or 4 of the pieces were
suspended in tissue culture medivm (Dulbewo’s Modified Eagle
Medium, Whittaker M.A. Bioproducts, Walkersville, MD) and
injected into cach side of the host bramn. The total injection volum.
was 3.0-4.0 2. Some of vur subjeuts underwent « sham-surgical
pru. lwie and were treated as descnbed above except that no fetal
tissue was injected into the brain along with the tissue culture
medium.

Donur CNS tissue used for transplantation was dissected from
L£20-21 day rat fetuses while the dam was maintained under deep
anesthesta (sudium pentobarbital, 55 mghg, i.p.) (scc methods
previvusly described by Stenevi et al.* and Mickley et al.?®). Donor
tissue was tahen from eather the dentate gyrus of the hippocampus
or from the cerebral cortex. The hippocampal tissuc used for
transplantation wonsisted predomunantly of the granule celis (and
precursors) from fasua dentata. However, interncurons and cells
from CA3 were also presnt in many of the grafts.

Histology

After behavioral testing was completed, our rats wers anesthe-
tized and perfused with hepaninized saline followed by 10% buffercd
formalin. Brains were cmbedded in paraffin, senally sectioned
(6 gm) (in the sagittal plane) and then stamned with Cresyl violet and
luaol Fast blue™, The brains of all subjects reccving ncural
transplants were reviewed by one of us (G.A.M.) who was blind to
the behavioral results. Dunng this review we confirmed the
presence.absence of the grafts, evaluated graft morphology and
determuned the neurvanatumical location of the peural transplants.

All braums alsv receved g preliminary review to confirm radiation-
induced damage to the dentate gyrus. In addition, many (irradiated,
n = 17, sham-rradiated, n = 17) non-transplanted brains were
analyzed 1n mure detall. A single section (approx. 1.9 mm lateral to
the midline)” was used for this analysis. We counted the total
number of granule cells that could be visualized in this section (sce
ref. 28 for more details on this procedure). Using an imaging system
(Bioguant System IV, R&M Biometncs, Inc., Nashwville, TN) we
also denved the arca of the dentate gyrus, computed the cellular
density of the structure and the thickness of the granule cell layer.
In urder tu confirm that the shiclding of other brain arcas was
sufficient, we also counted granute cells 1n a 0.048 mm? arca in the
cerebellum and olfactory bulb. Further, we evaluated the spaning of
another mure mature, and therefore less radiosensitive, hippo-
campal structure by wounting the thickness of the CAl pyramudal
«ell layer that was dursal to the dentate and directly in the path of
the X-radiation.

Brains with ncural grafts were further analyzed by estimating the
volume of the transplants. Using the Bioguant Imaging System, we
made measurcments of graft arcas within every 8th bramn section
thruughout the full extent of the transplants. Estimates of graft
volumes were caleulated by multiplying the arca of the transplant
(visualized in cach sceuon) by the thickness of ussue between the




sections sampled (7 sections X 6 um/section = 42 um) and then
summing these scores for cach graft. When more than one
transplant was visuahized 1 a particular bramn, the mdividual graft
volumes were added to get a total transplant volume for that
subject.

Data analysis

Locomotor activity was collected in fifteen 4-min bins and then
summed during each test session. Locomotor counts were then
averaged over the two 1-h test sessions to get the single score per
parameter (i.c. total distance traveled, vertical activity, stereotypic
movements) used in our analysis.

Spontancous perseverative rotation was quantificd by recording
the bout length each tune before a reversal in turning direction was
made, The mean turning bout length for cach of the 6 daily test
sessions was computed by dividing the total quarter turns (in either
the dominant or non-dominant direction) by the number of bouts of
quarter turns (without reversal of direction) in that scssion.
Statistical comparisons were computed using cach rat’s average
bout-length score. This was the mean of the daily bout lengths for
the 6 sessions in the test series. In order to conduct an analysis of
turning speed we calculated the percent of total quarter turns that
was represented by quarter turns of different durations (1-30 s, in
1-s bins; also durations > 30 s). These speed calculations were made
over the 6, 30-min daily test sessions.

We assessed performance on the passive avoidance tash by
analyzing the time spent in the safe compartment before moving
onto the shock grid. Of primary intcrest was the number of trials it
took subjects to meet the criterion of staying in the safe area for 3
consecutive 120-s periods on the test day. Rats that required < 20
trials to meet this criterion were assigned a score equal to the
number of the third consecutive 120-s trial. Rats that required > 20
trials to meet this criterion were assigned a score of 20.

We accomplished group comparisons within a particular test scries
by using r-tests*, In circumstances where multiple group compar-
isons would significantly increase the probability of a Type I error,
the « (0 05 for a 1-tail test, unless otherwisc stated) was partitioned
according to the procedurc of Bonferroni®®, When assumptions of
homogeneity of vanance could not be met by using the raw data we
transformed the scures to fuganthms. Unless otherwise stated, the
performance of transplanted rats was compared to that of sham-
surgery controls When sham-surgery and no-surgery treatments
produced behavioral results that were not significantly different (a
= 0.05), these groups were sometimes combined for analysts.

RESULTS

Histolugical confirmation of fuscia dentata granule cell
hypoplasia

Exposure of 4 portion of the neonatal cerebral hemi-
spheres to fractionated doses of ionizing radiation pro-
duced a selective reduction in granule cells of the
hippocampal dentate gyrus while sparing other brain
arcas (sec Table II). Specifically, irradiation of the
neondtal rat hippucampus produced d statistically signifi-
cant 867% (t5; = 12.43, p - 0.001) depletion in the
number of dentate granule cells. Similarly, both the areas
and the granule vell densitics of the irradiated dentate
gyri were significantly reduced compared to thuse of the
control rats (15, = 12.8, P <2 0.001 and 15, = 8.65, P <
0.001, respectively). The specificity of this damage is
illustrated by the sparing of the pyramidal CA1 ncurons
that were directly in the path of the X-rays. Irradiation
produced no significant change in the thickness of the
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TABLE I
Histological datu denved from analysis of sagittal sections of rat brain

Numbers are means and (in parentheses) S.E.M.s

Anatomical Irradiated Shamv-irradiated % of
parameter (n=17) (n=17) Control
Number of dentate

granule cells 226.3(30.3)*  1537.6(101.0) 14%*
Dentate arca (mm?) 0.9(0.1)* 2.4(0.1) 38%
Density of dentate

granulecells (fmm?)  253.1(21.5)*  646.5(40.1)  39%

Thickness** of dentate
granule celllayer
Thickness** of CAl
pyramidal cell layer
Density of olfactory
bulb granule cells
(/mm?) 10213.1(577.2) 11457.9(598.4) 89%
Density of cerebellum
granule cells (f/mm?)  15820.1(646.7) 18020.8(624.0) 88%
Cerebellum arca
(mm?) 21.8(0.9) 21.2(13)  103%

* Significantly different (s-test) from sham-irradiated, P < 0.01.
** Number of cells.
* Note that these levels are comparable to those reported by
Zimmer et al.",

22(0.1)* 62(0.3)  35%

2.4(0.2) 24(0.1)  100%

CA1 pyramidal cell layer, yet the thickness of the dentate
granule cell layer was significantly reduced (t5, = 10.95,
P < 0.001).

The size (area) of the irradiated rat cerebellum was no
different from that of sham-irradiated controls (see Table
1I). Although there was a trend towards granule cell
hypoplasia in the cerebellum and olfactory bulb of
irradiated rats (as measured by cell densities of 88% and
89% of control, respectively), this was not a statistically
reliable effect (@ = 0.01). These data suggest that our
X-ray exposure procedures produced damage that-was
selective for fascia dentata granule cells.

Using multiple correlations we compared several brain
histology parameters (derived from rats that underwent
sham-surgical or no-surgical procedures, see Table II)
with results of our behavioral tests. This analysis revealed
statistically significant relationships between hippo-
campal damage and several measures of performance
(sec Table III and also ref. 14). For example, on both the
first and sceond pustuperative tests, mean bout length
was negatively correlated with the number of granule
cells in the fascia dentata. That 1s to say, when there were
few granule cells in the dentate, turming bouts increased.
On the other hand, correlations between behavioral
measures and histological indicators of cerebellar and
olfactory bulb cell densities were umformly not statisti-
cally significant. These data pomnt to hippucampal dam-
age as a likely predictor of the behavioral alterations
described in this paper.
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Graft survival, location, volume and cytology

Three or 4 picces uf fetal tissue were injected into each
hemisphere of our eaperimental subjects. Since individ-
ual grafts appeared to fuse together in sume cases, it was
often difficult to count the number of surviving pieces of
transplanted tissue. Transplanted rats with at least one
viable graft were included in the data pool for this paper.
Using this criterion, 957 (20 out of 21) of rats receiving
fetal neural transplants as nevnates were observed to
have viable grafts at the end of the study (see Fig. 1).

Following histolugical review of the transplanted brains
we divided subjects into 4 categories. (1) animals with
hippocampal grafts located cither entirely or partially
within the hippovampal formation (n = 6) (see ref. 32 for
the anatomical limits of this structure), (2) animals with
hippocampal grafts cntirely out of the hippocampal
formation (n = 3), (3) animals with cerebral cortex-grafts
located either entirely or partially within the hippocampal
formation (n = 3), or (4) animals with cerebral cortex
grafts located entirely vut of the hippocampal formation
(n = 8). These groupings were used tu determine how
graft location influcnced the animal’s performance on our
behavioral measures.

Although cerebral cortex grafts tended to be slightly
smaller (mean = 0.67 mm® + 0.1 (S.E.M.)) than did
hippocampal transplants (mean = 0.69 mm® % 0.4
(S E M.)), this difference in volume was not statistically
significant Our analysis of graft volume revealed that
most of our transplants were quite small relative to the
grafts reported to grow under a varicty of other cir-
cumstances™ "' However, the graft volumes in this study
were similar to those graft volumes we observed in adult
rats with fascia dentata damage that also received
grafts® Similarly, the volumes of the grafts located

TABLE HI

Correlations between behavioral and neuroanatomical data for
irradiated and sham-irradiated rais receiving sham-surgical proce-
dures or no surgical treatment

Anatomical

Behavioral measures*
parameters B

Bout length % Turns <1l s

Test] Test2 Test | Test2

Fascia dentata granule

cell number ~0.519** ~0.388** 0.424** 0.379**
Fascia dentata granule
ccll density -0.528** -0.376** 0.454** 0.460**
Olfactory bulb granule
celt density -0.343 -0.270 0.100  0.210
Cercbellum granule ccll
density -0.290 -0.080 -0.070  0.306

* Mcan bout length and mean percent quarter turns of <I s
duration are represented for postoperative tests | and 2,
** = P<0.05,df = 32,

inside the hippocampal formation did not differ from
thuse located outside this structure. We found no
significant correlations between graft volume and post-
surgical changes recorded on the spontaneous rotation or
locomotor activity measures.

Locomotor activity

As we described previously” ', radiation-induced
hypoplasia of fascia dentata granule cells produced an
initial locomotor hyperactivity in the horizontal plane (¢,
= 2,12, P = 0.02) and increased stereotypic behaviors (¢,
= 3.28, P ~ 0.002), while sparing the vertical activity of
rats that underwent sham surgical procedures. These
behavioral changes were most evident during the first
behavioral test series. Compared to irradiated rats that
had sham surgery, irradiated subjects with hippocampal
transplants showed « sigmficant reduction in both total
distance traveled (1,4 = -1.99, P = 0.03) and stereotypy
(tia = -3.32, P = 0.002) at the time of the first
pustoperative test (see Fig. 2). Cerebral cortex grafts did
not significantly attenuate changes in either of these
measures of locomotor hyperactivity.

Graft-induced behavioral benefits did not persist,
however. During the second postoperative test series,
rats with hippocampal damage and grafts exhibited levels
of horizontal activity and stereotypic behavior that were
comparable to those recorded from wradiated rats that
underwent sham surgery. It should be noted, however.
that radiation-induced locomotor hyperactivity was not a
reliable phenomenon during the second test series (see
also ref. 27). At this time, rats with hippocampal damage
cxhibited levels of horizontal activity and stereotypic
behavior that were not statistically higher than those
recorded from sham-irradiated rats. Thus, the benefits of
hippocampal grafts observed during the first test series
may be interpreted as an accelerated recovery of loco-
motion rather than a transient benefit of the hippocampal
transplants.

We demonstrated previously how graft location can
modulate the behavior of rats with hippocampal dam-
age®. In the current study however, the horizontal and
stereotypic movements of rats with transplants within the
hippocampal formation was not significantly different
from that observed in rats with grafts located outside the
hippocampus.
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Spontaneous rotation

We observed in the present (see Fig. 3) and previous
studies?5?" that radiation-induced hippocampal damage
caused rats to make long bouts of turns (without
reversals) in a plastic hemisphere. Once they began
moving, in cither direction, irradiated rats perseverated
in that turning to an extent significantly greater than the
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Fig. 1. Examples ol feial bram iranspiants resnhing in an adult hust brain, Micrographs un the nght sepresent a hugher magnification of the graft scen
i the adjavent sectivn w the feli Nearal gralts lrum e lippucampus ancluding fasuia dentata granule ols) were plaved in the Jamaged hippocampal
furmaton (AB). The gianuie cells in these ncurunal grafts uften exhiiated the Jaminar urgamzation of the Jentate gyrus (A,B,C.D). On the other
hand, the eells in werebral cortex gratts shuwed ittle orgamzation (LG H). Sumetimes outh hippocampal tssue transplants (C,D) and cortical grafts
(G were tuund vutande of the bust hippocampal turmaton an the lsteral ventnule or cercbral conex, Arrows paint to the grafied tissuc. Calibration
bars on the left micrographs represent 500 um the bars on the right micrographs represent 250 um,
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sham-rradiated subjects (1, = 4.13, P <~ 0.001, first
postoperative test, 4, = 2.76, P = 0.007, second
postoperative test). During the first postoperative test
series, Tats with hippucampal damage and grafts showed
a sigmficant reduction i perseverative turming as com-
pared to irradiated ammals that underwent sham-surgical
procedures (f, — -2.64, P = 0.01). Grafts found to be
located nside or vutside the hippocampus  produced
simiilar reductions 10 perseveratine  turming.  Cortieal
transplants did not statistivally reduce the  radiation-
nduced perseverative respunses of vur subjects. While
the perseverative turmng of rats with  hippocampal

Mean Quarter Turns
in Bout

R/SS S/SS R/Hippo R/Cor

Treatment Groups

Fig. 3 Mean turning bout length (quarter turns) of rats moving in
o plastic hemisphere duning the birst teat sunies. liradiate iats with
fascia dentata granule Zcll hypoplasia and sham surgical treatments
{R/SS) perseverate in their movements {i.c. continue turning in the
same direction once a movement 1s mmtiated) to an extent sigmifi-
wantly greater (0 = P < w.05) than sham-irradiated control atamals
(SSS  sham irradiatedisham surgery ). Irradiated rats with hippo
campal grafts (Ribhippo), but not cercbral cortex grafts (R/Cor).
show a significant attenuation of perseverative spontancous turning.
Vanance mdicators represent S.E.M.s.

damage persisted during the final behavioral test, neither
hippocampal nor cortical grafts significantly reduced
these movements.

Although rats with radiation-induced hypoplasia of
fasuwa dentata granule cells show a locomotor hyperac-
tivity in the form of inurcased honizontal distances
traversed and enhanced stereotypic behaviors, the move-
ment speed of these animals Joes not generally esceed
that of sham-irradiated controls’”. However, a further
analysis of movement speed™ in the plastic rotation
hemispheres has revealed that our rats with hippocampal
damage cxhibited a lower proportion of quarter turns
with durations of < 1s than did our sham-irradiated
subjects (sham-surgery or no surgery controls) (s =
-2.47, P = 0.01, for the first postoperative test scries;
and 1,5 = =2.06, P = 0.02 for the second postoperative
test series). In addition, during the first test series only,
the irradiated rats had a higher proportion of quarter
turns with durations of > 30 s (s = 2.25, P = 0.03).
Thus, hippocampal granule cell hypoplasia scems to
reduce the number of very quick movements while in-
creasing the number of slow turning movements (Fig. 4).

Neural grafts normalized somewhat the topography of
turning speed in our brain damaged animals. During the
first test scries, irradiated rats with either hippocampal or
cercbral cortex transplants exhibited significantly more
rapid (-~ 1 5) quarter turns than did rats with similar brain
damage but no transplants (5.c. sham surgery or no
surgery) (g = 2,02, P =0.027 and £, = 1.84, P =
0.038, respectively) (Fig. 4). The proportion of these
rapid quarter turns in irradiated rats with hippocampal
transplants was not significantly different from those
observed in sham-irradiated control subjects. Neither




hippncampal nor cortical grafts significantly altered the
reduced rapid turning observed during the second test
series in rats with fascia dentata granule cell hypoplasia.
Similarly, during the first test series only, the long
quarter turns (i ¢ ~ 30 s) exhibited in gredter number by
rats with fascia dentata damage were significantly re-
duced in rats with either hippocampal grafts (¢,; = 2.19,
P =0.02) or cerebral cortex grafts (r,, = 2.58, P = 0.01).
These data suggest that ncural grafts are capable of
producing transient reductions in the cffects of hippo-
campal granule cell hypoplasia on turning speed.

Passive avoidance

Our previous experience with rats having hypoplasia of
fascia dentata granule ells revedled that these subjects
had deficits in the performance of a passive avoidance
task?*¥" % Irradiated rats tended to move out of a safe
area into a compartment where they had once been
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Fig. 4. Mcan pereent of quarter turns recorded (during the first test
serics) in the ratation appatatus that are athes shurty - §s) (A) or
long (> 30 s) (B) durations Rats with fascia dentata hypoplasia
(RISS+N = Irradiatedino surgery or sham surgery controls) exhibit
fewer quatter turns of short duration and mure quarter s of long
duration than sham irradiated control rats ($.SS+N = sham
irradiatedsham surgery or no surgery controls). Hippocampal
(R/Hipp) or cercbral cortex {R/Cor) transplants sigmificantly (* = P
- 0.05) attenuate these behavioral changes i srradiated rats.
Variance indicators represent S.E.M.s,
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shoched more yuickly than did sham-irradiated controls.
During the first postoperative behavioral test series,
irradiated subjects n the current study also tended to
take more trials (mean = 19.0- £ 1 S.E.M.) to meet the
established learming criterion (see Materials and Methods
section) than did sham-irradiated rats (mean = 16.8 &
1.3 S.E.M.). However, the difference between these
groups was not statistically significant (P >-0.05).
Nevertheless, irradiated rats with hippocampal trans-
plants learned the passive avoidance task more readily
(mean trials to criterion = 13.7 £ 1.7 S.E.M.) than did
the rats with fascia dentata damage that underwent sham
surgery (1,4 = =2.45, P = 0.01). Irradiated subjects with
cortical grafts also showed a tendency towards improved
passive avoidance performance (mean trials to criterion
= 15.7 £ 1.5 S.E.M.) but this was not a statistically
significant effect. These effects of transplants were not
observed during the second postoperative test.

DISCUSSION

In this study measures of spontancous locomotor
hyperactivity, perseveration and turning speed reliably
accompanied X-ray induced hippocampal damage. Inde-
pesdent of their final location in the host brain, hippo-
campal tissue transplants caused significant improve-
ments in these behavioral aberrations. Most of these
graft-induced benefits were transient, however, since
they were confined to the first test series. Transplant
tissue homologous with that damaged by the X-rays (i.c.
hippocampal granule cells) was consistently effective in
reducing behavioral deficits whereas non-homologous
tissue from cerebral cortex only reduced aberrations in
certain components of turning speed.

These data are consistent with previous reports show-
ing that animals with homologous tissue grafts frequently
exhibit postlesion behavioral recovery superior to that
obscrved after non-homologous brain tissue trans-
plants®*, Woodruff et al.** report, for exampie, that rats
with hippocampal tissue grafts transplanted into a hip-
pocamgal lesion site, performed better on an operant
task requiring slow response rates than did subjects
receiving non-homologous grafts of fetal hindbrain tissue.
Reports also indicate that a neural graft survives best
when transplanted into its corresponding region of origin
in the host brain'®. However, it must be noted that
functional benefits of non-homologous neural grafts have
also been observed®. These data suggest that there
may be some gradient of homology that modulates the
functional recovery offered by neural grafts®®.

The anatomical source of transplanted neurons influ-
enced our various performance measures in different
ways. Unlike other radiation-induced behavioral changes
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that benefited only from the grafung of hippocampal
tissue, aberrations of turning speed were attenuated by
transplants from cither fasua dentate ot cerebral cortex.
‘One pussible explanation for thes finding s that the
Thippucampus dues not play a significant or exclusive role
in the adjustment of movement speed. In general this
may be truc. Little change i the overall speed of
movements swompanics hippotampal damage™. Eacept
for very rapid ( < 1) and very slow (-- 30 5) movements,
the pereent of other turming movement speeds remains
intact following fascia dentata granule cell hypoplasia
(see current data and ref. 14). Contrary to this hyputh-
ests, however, we report here that the degree of fasuia
dentata hypuplasia is well correlated with the percent of
rapid turns in our bowl apparatus (sce Table 1II). These
data suggest a stronger felationship between  hippo-
campal damage and movemen sreed than was previvusly
appreciated.

Data from the current study vannot fully explain why
there are sclective behavioral benefits of neural grafts
derived frum different sources an the central nervous
system. Putative mechanisms for the functional bencfits
of neural transplants have tahen many forms. Grafts may
provide. (1) new neural intereonnections, (2) normaliza-
tiwn of availlable neurotransmtters, (3) stimulation of
trophie factors (e.g. nerve growth fadtor), andor (4)
replacement of gha that may offer structural support for
neurunal growth, metabolism of exututoxins or vther
functions’” ™ ™. It may be the case that either hippo-
campal ur cerebral corten grafes can provide a particular
rearrangement of physiological or nedrvanatomival fae-
tors that results in the normalization of radiativn-induced
aberrations i turming speed topugraphy, whercas, only
hippucampal tissuc provides the particular pattern of
factors that is suffivent to reduce perseverative muve-
ments, These hypotheses await empirical testing,

The reliability of the anatumical and behavioral
changes following our X-irradiation procedure” * 7™ ¢
suggests sume of the advantages of this techmigue. Sull,
we du ot fully understand the physivlogical changes that
accompany the use of X-rays to produce selective
hypuplasia of fasua dentata granule cells and how these
changes may alter graft growth and functionahty. For
cxample, no data are currently available regarding the
levels and hincties of neurotrophic factors present 1o
Xirradiated neonatal brain tissues. Thus, we do not
know the extent to which NGF (or other factors known
to facilitate transplant growth?') enhanced the behavioral
benefits seported here, On the other hand, we know with
sume certainty that the pruompt transplantation of ncural
tissucs following hippocampal X iradiation places rela-
tively few morphological constraints on the growth
pattern of the transplanted neurons'™. Zimmer et al.*

have described the compensatury  interconnections
formed by entorhinal cortical neurons that project tu a
dentate gyrus with a reduced population of granule cells.
By shortening the time in winch reactive host cell growth
wan oceur, more space 15 allowed for transplanted
neurons*®. Conversely, there is less room for graft'host
reinnervation when long latencies separate brain damage
and transplantation procedures. By discovering more
about the timing of X-ray induced neurotrophic factor
release and b, manipulating the time between the
production of granule cell hypoplasia and neural trans-
plantation (and thereby manipulating the expected neural
interconnections possible) it may be possible to validate
sume of the pustulated mechanisms of graft-induced
functional recovery listed above.

The results of the current study contrast in several ways
with vur previous work in which rats with fascia dentata
granule cell hypoplasia received grafts as young adults
(182 £ 4 days, i.c. -» 5 months after brain injury)?®. In
these il eaperiments, demonstration of behavioral
rewovery was tash-dependent and more strongly influ-
eaced by the final location of the transplanted tissue in
host brain (i.c. in or out of the hippocampus). Trans-
plant-induced recovery of function was sometimes not
observed until late in the study (mean age = 351 days).
Further, 1if cortical tissue grafts were found to be located
outside the hippocampus, they frequently produced
behavioral benefits comparable to those following the
grafting of homologous hippocampal tissue.

These data are distinet from those that characterize
rats transplanted just 16 days after radiogenic hippo-
campal damage. Here graft location in the host brain did
not nfluence the behavioral outcomes we recorded.
Moreover, there was a reraarhable degree of uniformity
i the timing of the behavioral recovery (all occurring
during the first test series, average age 113 + 2 days) and
the ability of hippocampal tissuc transplants to produce
this reeuvery. These findings suggest that the placement
of grafts svun after the imtial brain damage results in
moure consistent and predictable (albeit transient) behav-
wral recovery. Similarly, Kolb et al.” and Dunnett et
al."” have reported quite different behavioral effects of
cortival grafts at different postoperative recovery times.
The waning and waming of behavioral recovery in our
animals undoubtedly reflects a complivated process that
includes the hinetics of graft growth and the compensa-
tory changes that oceur i the damaged hippocampus
over time.

It should be nuted, however, that several procedural
differences (in addition to the reduced interval between
fasuia dentata granule ocll hypoplasia and  grafting)
distinguish the present study from our previous work™.
By necessity, we vould not perform a behavioral baseline




on the young ammals used here. Thus, the first postup-
erative test reflects nane performance on the part of
these subjects. This contrasts with vur former expeniment
in which the first postoperative behavioral test was really
the sceond behavioral observation performed (ie, it
fullowed a prevperative baseline measure). Experimental
factors such s the unung of pustuperative traiming,
testing and handling have bueen shown to influence
reeovery from lesions of the lippocampus®! and entorhi-
nal cortex™. Dospite the fact that the pustoperative
behavivral tests were conducted at approaimately the
sanie time following transplantation. sham surgery in both
ol vur uapenments, by neeessity, the ages of the subjects
n the 2 capuniments were different. In our initial study,
postoperative behavioral'tests were conducted at ages 265
#+ 5(S.E.M) and 351 £ 6.days. Sce Table | for the timing
of the behavioral tests in the present eaperiments, Of
course, age at time of surgery also covaried with the
procedural change from our previous experiment that
reduced the interval between the end of irradiation and
the placement of neural grafts, These procedural differ-
ences in testing, age at test and age at surgery may have
contributed to the behavivral disparitics ubserved be
tween the animals in our 2 studies.

In addition, it may be the case that different mecha-
nisms uf reeovery are at work in animals that receve
grafts at different stages of development. The orgamiza-
tion and milicu of the preadolescent brain are quite
different from that of the adult'*. The enhanced plas-
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Abstract — Free radicals have been implicated in 2 number of pathological conditions. To evaluate the
neurophysiological consequences of free radical exposure, slices of hippocampus isolated [rom guinca-pigs
were exposed to hydrogen peroxide which reacts with tissue iron to generate hydroxyl free radicals.
Long-term potentiation, a sustained increase in synaptic responses, was clicited in ficld CAl by high
frequency stimulation of an afferent pathway. We found that 0.002% peroxide did not directly affect the
responses evoked by stimulation of the afferent pathway but did prevent maintenance of long-term
potentiation. Short-term potentiation and paired-pulse facilitation were not affected by peroxide
treatment. Peroxide was less effective if removed following high frequency siimulation and was ineffective
if applicd only after high frequency stimulation. Input,output analysis showed that the increase in synaptic
cfficacy was reduced with peroxide treatment. Changes in the enhanced ability of the synaptic potential
to generate a spike were less apparent.

These data show that the interference of free radicals with Jong-term potentiation may contribute to
pathological deficits. It is possible that intracellular calcium regulation 1s disrupted by peroxide treatment.
A number of second messenger systems involved with long-term potentiation are potental targets for free

radical attack.

Long-term potentiation (LTP) is a persistent increase
in monosynaptic efficacy following a high frequency
train. Because the potentiation can last for hours or
even days m eieo,” this electrophysiological phenom-
enon has been considered to be a vorrelate of memory
and learning. The biochemical changes that underhic
LTP arc complex, possibly involving a number of
sccond messenger systems,'-022.30.2

Free radicals and active oxygen compounds
{c.g. peroxide, superoxide and hydroxyl radicals) are
normaiiy generated with cellular metabolism but
arc well controlled by intrinsic cnzyme systems
and antioxidants.™*'2"* Under certain pathological
conditions. this delicate balance can be disrupted.
Free radicals are thought to contribute to a number
of discases such as ischemiic injury, aluminum
toxicity, Alzhcimer's discase and Down’s syn-
drome, 21623531 q of which affect cognitive pro-
cesscs.

Previous studics have shown that free radicals
can mterferc with neuronal clectrophysiology.”” ¥
Hydroxyl radicals can be generated in witro
through the Fenton reaction; peroxide reacts with
iron intrinsic to the tissuc to produce this very

1To whom correspondence should be addressed.

$Present address. Patent and Trademark Office, Group 120,
%;)Il Jefferson Davis Highway, Arlington, VA 22202,

.S.A.

Abbreviations. aCSF, artificial cercbrospinal fluid, HFS.
high frequency stimulation, 170, input/output, LTP,
long term potentiation, PSP, postsynaptic polential,
STP, short-term potentiation.
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reactive frce radical. Hydroxyl radicals attack
membrane lipids and cellular proteins, which dis-
rupts cell function. Exposurc of a hippocampal
slice to peroxide (=0.005%) decreases synaptic
responses, decreases orthodromic spike generation™
and increases spike frequency adaptation.” Free rad-
ical scavengers (dimethylsulfoxide, Trolox-C) and an
iron chelator (deferoxamine) prevent most of the
peroxide damage,” suggesting that hydroxyl radicals,
and not the peroxide itsclf, arc the reactive oxygen
species. Colton ¢z al.® used a similar model and found
that peroxide reduced the potentiation occurring
15 min after high frequency stimulation.

This paper examines the actions of free radicals
on LTP.

EXPERIMENTAL PROCEDURES

Male Hartley (Harlan Spraguc-Dawley, Inc., Indiana-
polis. IN) guinca-pigs (250-300g) were ancsthetized with
isofluranc and cuthanized by cervical dislocation. The bran
was removed and chilled by submersion in ice cold artificial
cerebrospinal fluid (aCSF: NaCl 124 mM, KCI 3 mM, CaCl,
24 mM, MgSO, 1.3mM, K,PO, 1.24, NalICO; 26 mM,
glucose 10 mM, equilibrated with 95% 0,:5% CO,). Hippo-
campr were dissected out, sliced on a Mcllwain tissuc
chopper to a nominal thickness of 415 um and incubated in
a holding chamber at room temperature for at least 90 min.

Peroxide solutions were made fresh daily from 50%
concenirate (Fisher). Most expeniments used a peroxide
concentration of ,002% (720 pM). Previous studics® ¥ on
hippocampal slices used concentrations between 0.005%
(1.8 mM) and 0.01% (3.6 mM). The 0.002% concentration
was chosen for the present study because at this level
peroxide had no direct ¢ffegts on clectrophysiological poten-
tials in the bratin slice. These concentrations of peroxide
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are comparable to thuse used as a model of free radical
damage to clectrophysiological events in cardiac tssue
(100 gM-10mM). 0 1

For clectrophysiological recording, a slice was placed in
4 faminar flow submersion chamber (Zbicz design)® and
perfused with aCSF at 30 C. A bipolar stimulating electrode
was positioned in the stratum radiatum of field CAl to
stimulate afferent pathways. Glass microelectrodes (2N
NaCl) were placed in the s. radiatum-of field CA| to record
the afferent volicy and the population postsynaptic poten-
tial (population PSP) and in the s. pyramidale to record
the population spike. The magnitude of the population
spike was calculated from the mean of the early and late
positivitics minus the maximal negativity. The population
PSP was quantified from the maximum negative slope
carly in the synaptic response. Signals from the mucro-
clectrodes were recurded with WP lugh gain d.e. amphifiers
and then digitized. stored and analysed on an LSI 11,23
minicomputer.

For 30min, basclinc recordings were made to cnsure
stability of the tissue. If the recordings deviated substanually
from the imitial values or developed sccondary population
spikes, the experiment was terminated. The shice was stimu-
lated (0.2 Hz) at an intensity sufficient to produce a half
maximal response. Averages of four responses were stored
at 5-min intervals,

In most cxpenments. perfusion of peroxiac was started
after this equihbration penud and contimued for the dur-
ation of the experiment. After 30min. a high frequency

“stimulus (HFS: 100 Hz, 1s) was delivered at the half
maximal stimulus amplitude. Following HFS, data collec-
tion continued for another 60nun. In most expenments,
data continucd to be stored every 5 mun. In expenments used
for the exponential curve fitting, data were collected morc
frequently and were not averaged. in order to allow accurate
represeatation of the time course. Insome e iments. the
perfusion of peroxide was cither delayed o »w HFS
or terminated immediately after HFS. Some shices were
untreated {1.c. never exposed to peraxide). In control exper-
iments, no HFS was delivered and the actions of peroxide
alone were followed. The timing of the experiments was
identical in all other respects. In two of the 78 slices, HFS
faled to cause even short-term potentiation (STP: 1.
potentiation that develops immediately and decays within
15 min). these two experiments were not included n the
analysis.

Inputioutput (I0) curves were generated before and afier
HFS in peroxide-treated and untreated slices using a range
of stmulus ntensities (0.0-0.5mA, 200 us). Three rela-
tonships were cxanuned using the averages from aght
experiments. population spike vs afferent volley, population
PSP vs afferent volley and population spike vs popu-
lation PSP. The third relationship (population spike vs
population PSP) was also cvaluated for each mdividual
expenment. 110 curves were generated 30 min prior to HIS
and 60 mn following HFS. The timing was designed to
prevent any influence of STP, somctimes produced by
generating the 170 curve, on the LTP evoked by HFS. Since
the pre-HFS time. point comcided with the application of
peroxide, the peroxide concentration was not at its peak.
This 1s not a concern since peroxide-at the conceniration
used does not change the 1O curves {data not shown). Data
for the /O curves were analysed as previously deseribed.®
In bnel, best-fit-sigmoid curves were determined for both
pre- and post-HES data. For each curve, a parameter was
computed from the maximal 3 -value divided by the x-value
at half maximal 5. Changes in this parameter have been
cffective i evaluating changes in /0 curves.

Paired-pulse facilitation was studied by using two wdentic
cal stimuli (200 us) scparated by intervals from 10 to
200 ms. The stimulus strength was adjusted to produce
approximately a hall maximal population spike. Amplitude
of the second population spike was expressed as a percent-
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age of the first population spike. Favilitation was evaluated
m normal aCSE and 30 mn after perfusion with 0.01%
peroxide.

Data are expressed as mean salues + standard errors.
Student’s 7-test was used for compansons of two predeter-
muned sets of data, Analysis of vanance was used to evaluate
differences among more than two treatment groups. For all
statistical analyses, a probability level of P < 0.05 was
considered to reflect significance.

RESULTS

Peroxide at a concentration of 0.002% had no
direct effect on the amplitude of the population spike,
even after 2 90 min exposure (Fig. 1) (n = 4). Yet, this
concentration of peroxide significantly impaired the
ability of HFS to produce LTP. In untreated slices
(n = 17), HFS caused an immediate increase in the
population spike to 285 £ 14%% of control amplitude.
Within 15min, this amplitude fcll to 238 £ 13% of
control and sustained that level for the remainder of
the experiment. All 17 slices showed potentiation of
at least 130% of control 60 min following HFS. In
slices treated with peroxide (n = 16), there was also
an carly enhancement of the amplitude (270 + 15%)
which was not significantly different from poten-
tiation in untreated slices (s-1est, P > 0.05). In con-
trast to untreated tissuc. however. by 30min the
amplitude was only 185 z 13% and by 60 min only
124 4+ 14%. The amplitude of population spi.cs in
peroxide-treated slices did not establish a plateau
but slowly feil throughout the measurement period
(Fig. 1A). Only five of 16 slices showed population
spike amplitudes of 130% of control or greater at
60 min post-HFS. At 60 min post-HFS, the popu-
lation spike amplitudes of treated and untreated slices
were significantly different from one another (z-test.
P <0.05). The insct in Fig. IA shows sample traces
from treated and untreated slices. The population
spike in untreated slices showed a substantial increase
in amplitude that was sustained for 60 min. Poten-
tiation was not sustained in peroxide-treated slices
and the population spikes before and 60 min after
HFS arc ncarly the same size.

A similar pattern was evident with the population
PSP (Fig. IB). In untreated slices the magnitude of
the carly slope of the population PSP was increased
to 284 3 26% of control with a decline to 203 + 20%
of contro} within about 15min. The increase was
sustained for the remainder of the experiment
(202 £ 28% at 60min post-HFS). At 60min after
HFS, in 13 of 17 slices the population PSP was at
least 130% of control amplitude. Sample traces
before and 60 min foilowing HFS in untreated slices
show a sustained enhancement of the synaptic
response. Treatment with $.002%, peroxide presented
tke maintained increasc in the PSP. By 60 min post-
HFS the population PSP was ncarly the same as
during the control period. The initial increase was
261 * 30°a and dJeclined 10 129 £ 17% after 60 min.
Only five of 16 slices showed population PSPs that
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Fig. 1. Hydrogen peroxide (0.002%) prevents the mamnten-
ance of LTP. (A) Amplitude of population spike expressed
as percentage of control plotted vs ume. Error bars show
standard error of the mean for cach time point. Open circles.
population spike in tissue treated with peroxide but not
stimulated with HFS (1 =4). Open squares: peroxide pre-
sent, HFS applied at 30 min time pomnt (n = 16). Closed
circles. untreated tissue, HFS at 1 = 30 min (n = 17). Insets
show sample traces from individual experiments. Light trace
is from before HFS while bold truce occurred 60 min after
HFS (¢ = 90 min). Calibration: 1 mV, 2ms. (B) Changes in
population PSP with time. Symbols same as i A. Insets
show sample population PSPs from same experiments as in
A. light trace from before HFS, bold trace from 60 min
post-HFS. Same calibration as in A.

were at least 130% of control. Sample traces show
very little difference between synaptic responses
recorded prior to HFS and responses 60 min follow-
ing HFS in peroxide-treated slices. At 60 min post-
HFS, treated and untreated population PSPs were
statistically different from one another (f-test,
" 20,05).

A higher concentration of peroxide (0.005%) was
tested with HFS on three slices. As previously
observed,” this concentration had a direct effect to
decrease both the synaptic response and the popu-
lation spike. HFS elicited carly potentiation of both
population spike amplitude and population PSP
slope. Within about 30 min, however, the responses
were back to control level and continued to dechne.
Population spike potentiation fell to only 105 3 28%
of control within 30 min. At 45 min post-HFS, the
average population spike was 58 4 23" of control.
The synaptic response was similarly 1educed very
quickly.

Paired-pulse facilitation was evaluated with 0.01%
peroxide (# =3; data not shown). Facilitation was
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maximal at an interstimulus interval of 30ms,
302 4 50% in untreated slices and 297 4+28% in
peroxide-treated slices. In agreement with Colton
et al.b facilitation was unaffected by peroxide at
all interstimulus intervals tested (10-200 ms).

Peroxide might prevent LTP by interferi~g with its
induction or its expression. To disting, . oetween
these possibilities, peroxide was applied ..: different
times during the process. Table | illustrates the
change in population spike 60 min after HFS with
four experimental treatments: (1) untreated (n = 17),
(2) treated with peroxide throughout the experimen-
tal period (n = 16), (3) treated with peroxide belore
and up to 10 min after HFS (1 = 16) and (4) treated
with peroxide only after HFS (5-60 min post-HFS;
n =9). Analysis of variance showed that potentiation
in slices treated with peroxide throughout (treat-
ment 2) was significantly less than in untreated slices
(treatment 1, P < 0.05). When peroxide was removed
after HFS (treatment 3), population spike amplitude
was not maintained at the level of untreated slices but
decayed more slowly than in slices with continued
exposure to peroxide (trcatment 2); potentiation was
not statistically different from that in either of the
first two treatments. When peroxide was applied only
after HFS (treatment 4), potentiation of the popu-
lation spike was sustained as in untreated slices.
Analysis of synaptic potentials at 60 min post-HFS
showed a similar pattern (data not shown): per-
oxide following HFS was incffective while peroxide
removed after HFS was only partly cffective in
reducing LTP.

In the previous serics of experiments, the poten-
tiation following HFS was evaluated at only one
stimulus intensity, kept constant throughout the
experiment. In an effort to evaluate the change
in the response to a range of stimulus strengths,
I/O curves were generated 30min prior to HFS
and 60 min after HFS. As seen in Fig. 2, in untreated
slices (1 = 8), HFS increased the ability of the afferent
volley to elicit a population spike throughout the

Table 1. Timing of peroxide application affects amount of
potentiation resulting from high frequency stimulation

Percentage increase in

Treatment population spike (4S.E.M,)
(1) Untreated 137.5 & 14.5
(2) Peroxide throughout 24,0 & 13.6*
(3) Peroxide before and
during HFS 8554168
(4) Peroxide after HEFS 136.1 4 16.4

Measurements show percentage increase in population spike
60 min after HFS compared to control. The population
spike from untreated tissue shows significant poten-
tiation. Treatment with peroxide (0.002%) through-
out the experiment prevented sustained, poteatiation.
*Analysis of variance, P < 0.05, Application of peroxide
before and during HFS but washed out within 5 min
prevented some but not all potentiation (P < 0.05).
Application of peroxide only after HFS did not affect
potentiation (P < 0.05).
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Fig. 2. I/O curves obtained from tissue treated with 0.002% peroxide (1 = 8, right) and untreated (n = 8,
left) Curves obtained 30 min prior to HFS (open squares) and 60 min after HFS (closed circles) in both
conditions (A) Plot of population spike vs volley shows significant enhancement of population spike
following HFS in untreated tissue which is not evident in peroxide-treated tissue. (B) Plot of population
PSP vs volley shows enhancement of synaptic response in untreated tissue which is less dramatic with
peroxide treatment. (C) Plot of population spike vs population PSP shows only minimal changes in E/S

coupling both in treated

range of stimulus intensities (166 £ 9%%). In tissuc
treated with 0.002%% peroxide (n = 8), this enhance-
ment is greatly reduced (112 £ 7%). HFS also in-
creased the ability of the afferent volley to evoke a
synaptic potential in untreated slices (134 £ 13%5)
(Fig 2B). Peroxide decreased this potentiation
(105 £ 11%) (Fig. 2B). The third sct of graphs (plot
of population spike vs population PSP) provides an
indication of the ability of the synaptic potential to
evoke a spike, also cailed E/S coupling. Other
authors'?¥ have shown that E/S coupling is some-
times enhanced with LTP. Andersen ef ul.? reported
that only 50°6 of their slices showed this phenom-
enon. In the present experiment, there was no obvi-

and untreated tissue.

ous change in this relationship following LTP in the
average response of eight untreated slices (109 £ 5%),
yet four of eight of these slices did show enhanced E/S
coupling (i.c. greater than 20% increase) in agree-
ment with Andersen et al.’ In peroxide-treated slices,
there is also no E,S enhancement in the averaged
curves (94 + 4%) and only two of eight treated slices
showed enhancement.

Potentiation following HFS can be resolved into
components by cvaluating the time- constants of
decay of the response back to bascline.? In cach of
the cight treated and cight untreated slices in the
experiment above, data at additional time points
were collecied to provide a more accurate represen-
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Fig. 3. Curves descibing the sum of two exponential
processes were fitted to the data for the decay of poten-
tiation of the population spike (A) and the population PSP
(B) both with (open squares) and without (open circles)
peroxide treatment, HFS given at ume = 0. Calculated time
constants (nin) shown i nsets, Details of curve fiting
text. Points represent averages from eigl *xpenments. One
representative error bar 1s shown foi each curve.

tation of changes in the amplitude of the population
spike and the population PSP with ume. The per-
centage increase in response was plotted vs time,
with time = 0 at the tune of HFS (Fig. 3). The four
resultant curves (populauion spike and population
PSP, with and without peroxide treatment) are
described by the cquation for the sum of two
cxponentials:

% change = a-cxp( — t/1y) + b - exp( — 1/13),

where a, b, 7, and 1, are evaluated for the
best fit to the experimental data with a routine
(FITFUNCTION) in the analytical package RS, 1
(BBN Software Product, Cambridge, MA). ¢, and 1,
arc the time constants for the slow and fast com-
ponents of the curve, respectively. ¢ and b are weight-
g constants for the two cxponentials and were
insensitive to peroside. While the computed values
scem to fit the data very well, we do not assume
that they arc necessarily unique solutions te the
equation. The time vonstants of decdy of potentiation
of the population spikes of the best fit curves were
2.49 x 10" and 6.16 min in untreated tissuc and 58.52
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and 4.16 min 1n peroxide-treated slices. It is obvious
that the slower time constant is decreased by peroxide
treatment, whereas the faster time constant is not
much affected. The time constants.for the synaptic
responsc-showed a similar effect. In untreated slices
the calculated time constants were 1.58 x 10" and
5.55min and in peroxide-treated slices they were
61.83 and 4.82 min. Again, the slow time constant is
greatly decrcased by treatment with peroxide while
the faster time constant is not. Thus, the late phase
of LTP appears to be selectively altered by peroxide.

DISCUSSION

The clectrophysiological effects of peroxide on field
potentials in hippocampal slices have been shown to
be mediated by free radicals.?’ In the present study,
we demonstrate that peroxide interferes with LTP at
concentrations that do not affect unpotentiated
synaptic transmission. The I/O curves show that free
radicals predominantly impair potentiation of the
synaptic response and have much less effect on spike
generation (E/S coupling). This contrasts with higher
concentrations of peroxide, which significantly
reduced both synaptic cflicacy and E/S coupling.”?
The decreased synaptic potentials in previous studies
were hypothesized to be a consequence of reduced
transmitter release.® Free radical effects on LTP,
a complex neuronal process, may involve other
mechanisms.

HFS induces at least two phases of potentiation,
the later one being LTP. The ecarly phase has been
referred to as STP.*%% Our results in untreated
tissue suggest that LTP does not decrement measur-
ably. While the calculated time constant-may not be
an accurate assessment of the extended time course,
it does make the point that in untreated tissue, LTP
is a sustained process. In contrast, in peroxide-treated
tissue, decay of LTP has a time constant of only
about | h. On the other hand, the earlier component
of potentiation, with a time constant of 5-6 min, is
not very sensitive to peroxide. This component is
likely to correspond o what McNaughton* called
potentiation, which has a timc constant around
1.5 min in vivo. Temperature sensitivity can account
for much of the quantitative difference in the time
constant between his experiments and the present
results.

Analysis of the time constants of decay revealed
that only the late phase of potentiation was affected
by peroxide while the early decay was unchanged.
Previous studies have shown that STP and LTP
have very different mechamsms. Several authors'® %+
have suggested that STP reflects an increase in the
probability of transmitler release, most hikely due to
4n increase in presynaptic calcium, Similarly, paired-
pulse facilitation is caused by an increase in the
probability of transmitter release. In contrast, it has
been suggested that enhanced calcium entry at
presynaptic terminals is not the mechanism for
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LTP.2* LTP docs not appear to entail an increase
in the probability of transmitter release, instcad
McNaughton® hypothesized that the presynaptic
component of synaptic enhancement in LTP could
reflect an increase in the number of quanta available
for release or an increase in the number of binding
sites for vesicles. Since STP and- paired-pulse facili-
tation are unaffected by peroxide exposure, it is
unlikely that free radicals are interfering with presyn-
aptic calcium entry. In fact, voltage clamp studies

in hippocampal pyramidal cells have shown that

sustained high threshold calcium currents? and tran-
sient low threshold calcium currents (unpublished
data) are insensitive to peroxide. Other steps in the
release process need to be considered as possible
peroxide-sensitive sites.

Induction of LTP also requires calcium postsyn-
aptically,*?' % but only within 5min of HFS.* It is
possible that peroxide is interfering with a postsyn-
aptic calcium-dependent process. Remote calcium
spikes in hippocampal ncurons show an increased
threshold with exposure to peroxide? and calcium-
dependent processes in a number of cell types are
reportedly sensitive to free radical damage’®®""

Peroxide must be present during induction of LTP
to be cffective. Yet its action is to prevent mainten-
ance of the potentiation. This suggests that peroxide
is Interfering with some process during the induction
phase of LTP required to fully express the poten-
tiation. Recent reports!>**2% show that a number of
second messenger systems must similarly be available
during HFS for LTP to occur. Blocking postsynaptic
protein kinase C or calmodulin II kinase prevents the
induction of LTP; STP is cvident, but by 30 min
post-HFS the responses are back 1o control levels, ™
As with peroxide, the time of application of kinase
inhibitors is critical. Intracellular mjection of the
blockers in the postsynaptic cell after HFS has no
effect In these experiments it is not possible to
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remove the blockers after injection, which compli-
cates comparison with our experiments in which
removal of peroxide was less effective than continued
exposure. It is possible that peroxide is interfering
with one of the several second messenger systems
thought to be involved with LTP,

Recent studies™* suggest that the oxidation/
reduction state of the N-methyl-p-aspartate affects its
clectrophysiological response. In a number of neur-
onal preparations, dithiothreitol, a sulfhydryl reduc-
ing agent, caused long-term cnhancement of the
response to N-methyl-p-aspartate.” Tlus effect could
be reversed by oxidation with dithio-bis-nitrobenzoic
acid. Tauck and Ashbech™ reported that dithiothrei-
tol, at a concentration that had no direct effects on
the synaptic potential, was able to enhance LTP. It
15 possible that the free radicals formed in the pres-
ent study oxidize the N-methyl-p-aspartate receptor,
decrease its contribution to the synaptic response
even with HFS and thereby reduce the expression of
LTP.

Hydrogen peroxide reacts with tissue iron to gener-
ate hydroxyl free radicals. While frec radicals are
constantly formed in healthy tissue, the intrinsic
antioxidant systems keep them in check. However,
under pathological conditions, free radical generation
can exceed the tissue’s ability to control them, Our
study suggests that under such conditions, LTP, and
perhaps memory processes, can be disrupted.
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The cellular-Ha-ras oncogene, activated by missense muta-
tions, has been implicated in intrinsic resistance to ionizing radi-
ation. This study shows that the overexpression of the unmu-
tated gene (proto-oncogene) may also be involved in how the
cells respond to radiation. The experimental system consisted of
mouse NIH 3T3-derived cell lines which carry mulitiple copies
of a transcriptionally activated human c-Ha-ras proto-onco-
gene. Both tumorigenic (RS485) and revertant nontumorigenic
subclones (PR4 and 4C3) which have high levels of ras expres-
sion exhibited a marked increase in radioresistance as measured
by D, compared to control NIH 3T3 cells. Other nontrans-
formed cells with elevated levels of ras (phenotypically revertant
line 4C8-A10) also had a significantly increased resistance to
radiation, further indicating an association between ras and ra-
dioresistance. The increased radioresistance of the RS485 and
phenotypic revertants could not be explained by a differential
expression of the myc or metallothionein 1 genes or by varia-
tions in cell cycle. The correlation between increased ras proto-
oncogene expression and radioresistance suggests that the ras
encuded p21, a plasma membrane protein, may participate in
the cellular responses to ionizing radiation. < 1991 Academi
Press, Inc,

INTRODUCTION

Understanding the molecular mechanisms of intrinsic
radioresistance is fundamental to the development of po-
tent chemical radioprotectors and the design of more effec-
tive cancer radiotherapy protocols. Recent studies have
demonstrated a correlation between radioresistance of hu-
man tumors and the expression of specific oncogenes,
namely, the ras and raf oncogenes (/, 2). Using DNA-me-
diated gene transfer techniques, it has been shown that the
activated rafmay contribute to radioresistance in skin fibro-
blasts from cancer-prone individuals (/) and in tumors of
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the head and neck (2). Furthermore, transfected raf and
genes of the ras family (Ha-, Ki-, or N-ras) that are acti-
vated by missense mutations all induced a radioresistant
phenotype in recipient rodent cells (3-5). This was in con-
trast to activated myc, fes, and abl oncogenes, which had no
effect on the response to radiation (6). Research efforts ex-
tending these observations demonstrated that the inhibi-
tion of raf expression by antisense RNA is sufficient for
restoring radiosensitivity in human squamous carcinoma
cells (7). It appears, therefore, that specific oncogenes may
play a role in intrinsic radioresistance.

Thus far, studies on the cellular Ha-ras and radioresis-
tance have focused primarily on the mutated gene (EJ-ras),
which encodes for a 21-kDa protein (p21) with a glycine to
valine substitution (8). However, mutations in ras are
rather infrequent in spontaneous human tumors (9-11). In
contrast, quantitative changes in Ha-ras are commonly
found in a wide variety of human neoplasms (11, 12). Being
interested in the potential role of p21 in radioresponses of
normal and malignant tissues, we chose to concentrate on
the wild-type p21. Our interest was prompted by early find-
ings indicating that an interaction of a cell membrane com-
ponent with exogenous (or endogenous) thiols may be nec-
essary to maintain the cellular response to radiation (manu-
script in preparation). The cellular p217*, a G-like protein
with guanine nucleotide binding and GTPase activities, is
localized on the inner side of the plasma membrane (12)
and is thought to participate in the transduction of extracel-
lular signals through hydrolysis of phosphoinositides or the
activation of protein kinase C (/3~16). Considering its stra-
tegic localization and function, we speculated that cellular
p21 may be involved 1n the control of radiation responses.

The studies described here were designed to determine
the relationship between the expression of Ha-ras proto-on-
cogene and cellular sensitivity to lonizing radiation. The
experimental system consisted of NIH 3T3-derived cell
lines which express the human c-Ha-rasl gene transcrip-
tionally activated by a retroviral long-terminal repeat
(LTR) control element. Tested cultures included the neo-
plastically transformed cell line RS485 (/7) and phenotypi-
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cally revertant nontumorigenic subclones (PR4, 4C8A 10,
4C3) ubtained after lung-term treatment with interferon-cy
B {IFN-ay8) (18-20). The mouse cell hines, which varied 1n
therr tumorigenic phenotype and p2 1 brosynthesis (/8-20),
provided a-suitable system for correlative studies focusing
on ruas expression in different genctic and pkenotypic back-
grounds, The results indivated a tight correlation between
radiation sensitivity and ras that was independent of the
oncogene-induced neoplastic transformation.

METHODS

Colls, Interferon Lrewment, and Transfection with DN A

NIH 3T3 subclones were propagated in Dulbecco’s modilied Eagle's
medium supplemented with 2 m,/ glutamine, 10% heat-inactivated fetal
calfserum (GIBCO Laboratories. Grand Island, NY). 100 U/ml penicillin,
and 100 g, mld steptom an (Sigma., St Lows, MOj. Expouncentiaily grow-
g ols were used o all capenimcnts The ol line RS485 was uniginally
Jerived by tansformung, NIH 3T3 clls (24 wath the 2.9-kb Sacd fragment
of the hunan « Ha-raa proto vocugene ligated downsticam from the
LTR of Harvey miunne sarcoma vicus (7). The isulation and characteniza-
tun Of IFN o, J induced RS485-rovcitant dunal line 4C3 and its subclone
PR have beun dosenibed proviously (/8- 20 225, The 4Cs-A 10 subllone
was ssulated frumutaforon mduced iovantant $C8 cllls (18) grown in the
absence ofunterfuiun for 23 months, The phenvtypieally reverted 4C 3.
PR4. and 4C8-A10 wlls cuntain the transfurming fas DNA but have lust
the ability tu prolifciate 1n semisolid agar ur i reapient athymie v
((18) and unpublished data). The 4C3 cidls were propagated in the continu-
ous presence of 200 1U/ml of mouse L-cell IFN-«/8 (sp act 10% IU/mg. a
gift from M. Pauker. Medical College of Pennsylvania) and irradiated in
the absence of interferon (see below). Control cultures included the paren-
b NIH 313 cell bine as well as the subclones designated No. Ny Ny N,
and Nz (2d), obtaned by transfection with pSV yneo (24). DNA coprecp-
tation with caluium phusphate, transtection ot celis, and selection of trans-
formants were as desenbed presiousiy (18).

Analvsts of Muonc and Labeling Indices

Tu dutermune die paceniage of clls 1 S phase, a mvsudlondl antbudy
Wihnigue was usad (27, 26y The mtote fractiun was determuined by a
modification uf the pucentage fabeled mitoses techague (2., 28). Tor
buth procedutes, s were collected onice, fiaed with | o Na-uitratey o
ghicialucctic acind and centnlugad vnto shides. The shides were treated with
RNase Lo sumose any RNA and thon stained with propdium iodide, To
Jutermune the Jabdhing indea, cultures were tcated with U0 mb bromo-
deoxyuridine (BrdUrd) and 0.01 md/ fluorodeoxyuridine for 30 min to
altow for incorporation intu DNA, Cells were vollected as above onto
stides Following treatment with 097 NaOH, the slides were rinsed with
PBS and treated with the duuble antibudy fluoreseence techniyue, using
the BrdUrd monoclonal antibody (Becton-Dickinson, Mt. View, CA) and
the IgG-biotin=streptavidin-FITC conjugated antibody (TAGO. Inc.,
Burlingame. CA). This allowed for visualization of those cells in S phase
that incorporated the BrdUrd (26. 28). Unless othenwise stated, all reagents
were obtained from Sigma Chemical Co. Statistical tests are listed below,

Radiohiology

Cellular response to radiation was assessed by the cell survival assay.
Cells were counted with a Coulter counter (Hraleah, I-L) and plated onto
OU-mmi-diameter cultuic dishues in apprupriate numbers 4 1 6 h before radi-
abon tatment o allow fur ol atachment, Phenotypieally revertant 4C3

wells, nurmally maintained with continuous treatment of interferon (200
IU, mily did not have inderferon present ia the medium dunng radiation
treatment Cells were treated as a monolayer in complete medium under
aerobic conditions and given a total dose of 2 to 10 Gy unilaterally at 0.99
Gy/nun from an Atomic Energy of Canada Limited., Theratron-80 covalt-
60 source, Prior to cach exposure. the dose rate was measured at the irra-
diation distance using ¢ 3.0-u0 tissue-cyuivalent iwmization chamberwith a
4-mm buwld-up cap manufactured by Exradin, Ine. The wonization
<hamber used has a calibration factor traccable to the National Institute of
Standards and Technology (29). The dosimetry measurements were per-
formed following the AAPM Task Group 21 protocol for the determina-
tion of the absorbed dose from high-cnergy photon and clectron beams
(29). Following irradiation, cells were returned to the incubator for 10 days
to allow for colony formation and then-fixed with methanol and stained
with 10 crystal violet. Colonies with more than 50 cells were counted as
survivors and only plates with more than 15 colonies were counted.

Northern Blot Analysis and DNA Probes

Cytuplasmic RNA was extracted from expunentially growing cells and
separated by electruphoresis in 1 agarvse-furmaldehyde gels as desunbed
(30, 31). RNA blutting unto nitrucellulose filters, hybndization with radio-
labeled DNA probes, and autoradivgraphy were performed according to
standard procedures (30, 31). The probes, a Sucd 2.9-kb fragment of the
human -Ha-rus) gene and o fragment of the c-niye gene spanning the
third exun, were ubtained frum Oncur (Gaithersburg, MD). The probe fur
mictallothwnein T M T-1) transenipts was a Bgllly LooRI fragment (span-
ning the three cxonsy denved from the 4-kb LowRI muuse genomie cone of
MT-1(22) (gift from D. Hamer. National Cancer Institute, Bethesda,
MD;. P-labiled DNA prubes were prepared using a random primed
DNA labeling kit (Bochnnger-Mannheim, Germany).

Statistical Analysis of Data

Survival curves  Survival curves were fitted by a computer program
provided by N. Albright (32). This program calculates survival levels and
their corresponding weights. The program assumes that the varability in
the colony counts is due to random errors. The corresponding weights are
based on a Poisson distribution for the number of colony counts and their
variations. This program fits different mathematical models to the survival
data using thosc calculated survival levels and associated weights, This is
accomplished by an steration of the wesghted least squares and by estimat-
ing the cuvanances of the survival curve parameters and the corresponding
wonfidence limits, The Dy, Dy, and n were caleulated by this program, No
agnificant differences in the values for Dy, Dy, and n were observed when
tae data were fitted (o several statistival models, so we chose to fit the data
by the repair saturation mudel. InFigs. 2 and 3 and Table L, cach data point
represents the mean &£ SE from 3-12 expenments with three plates per
cach point.

Labeling and muviie indices.  Data were analyzed by the Kruskal-
Wallis test, which 1s a nonparametric one-way analysts of vanance (33,
34). Data represent the mean £ SL of four expeniments with three plates
per data point.

RESULTS

The malignant RS485 cells, transformed by a transcrip-
tionally activated c-Fa-ras proto-oncogene, produce large
amounts of ras mRNA (Fig. 1) and encoded p21 protein
compared to parental 3T3 cells (18, 22). Similarly, elevated
ras expression is characteristic of the nontumorigenic,
phenotypically revertant PR4 cells (Fig. 1). The RS485 and
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rRNA

FIG. 1. Northern blot analysis of ras-specific mRNA. Cytoplasmic
RNA (40 pg) from: Lane I, NIH 3T3: Lance 2. RS485: Lane 3. PR4:lanc 4,
4C3 cells continuously maintained on 200 1U/ml of IFN-«/8: and Lane 5,
R$485 cells treated with 200 1U/ml of IFN-«/8 for 72 h prior to radiation,
One week after IFN-w, 3 treatment of the 4C3 cells was discontinued. the
levels of ras mRNA were comparable to those shown in Lane 5 as mea-
sured by densitometric analysis. (Top) Hybridization with a **P-labeled
Ha-ras probe. The Ha-ray RNA was undetectable in NH 313 cells. (Bot-
o) The ribusuinal RNA idicaies tic icdative amounis of RNA luaded in
cach lane.

PR4 cells both ealmbited a marked mcrease in radioresis-
tance compared to control cultures (Fig. 2) as determined
by their Dy and D, values. The values for RS485 were Dy,
- 1.79 £0.12Gyand D, - 2.82 £ 0.19 Gy, and for PR4. D,
.70 £ 0.14 Gy and Dy - 2.63 £ 0.19 Gy. In contrast, the
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FIG. 2. The association of rus expression with resistance to fonizing
radiation, Survival curves designated with { —ras] or [+ ¥ras] represent cells
with negligible or high ras expression, respectively. Data represent the
mean = Sk from 5-15 eaperiments. RS485 w), PR4 (4), NI 313 (o).
Lrrur bars smalivi than the symbul have been umitted,
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FIG. 3. Dose-dependent correlation between ras expression and ra-
dioresponse. Cells with varying levels of ras expression were exposed to
ionmizing radiation. Data represent the mean 3 SE from 4~15 experiments.
PR4 (A): 4C3 (@): 4C8A 10 (O3): N1t 3T3 (O). Error bars smaller than the
symbol have been omitted.

parental NIH 3T3 cells had a Dy of 1.27 £0.09 Gyanda D,
of 1.63 x 0.20 Gy. The increased radioresistance-observed
with the ras transformants and phenotypic revertants was
not due to the transfection process per se since there was no
significant difference in the Dy’s between cells transfected
with the bacterial neo” gene (clones Ny, N;, Ny, Ng, N,5)
and the parental NIH 3T3 cells. The neo” transfected NIH
3T3 subclones had D, values ranging from 1.12 £ 0.14 to
1.38 £ 0.14 Gy, which were not statistically different (33,
34) from the D, values previously reported for NIH 3T3
cells (5, 6, 35). These data indicate that a significant in-
crease in radioresistance is associated with overexpression
of rus and is independent of neoplastic transformation by
this proto-oncogene.

In revertant 4C3 cells, ras expression can be modulated
by IFN-«/B treatment (20). This allowed further examina-
tion of the relationship between ras and radioresistance
within the same cellular system. Continuous treatment of
4C3 cells with 200 IU/ml of IFN-a/8 was associated with a
four- to eightfold reduction in the levels of ras mRNA (Fig.
1) as compared to RS485 and PR4 cells. Our previous stud-
ies showed that the levels of p21 ras closely follow those of
the ras mRNA (19, 22). The 4C3 cells irradiated immedi-
ately after cessation of IFN-a/f treatment exhibited only a
slight reduction in radioresistance (Dy, 1.59 £0.09 Gy; D,,
2.53 x 0.09 Gy) when compared to RS485 or PR4 cells
(Fig. 3). Onc week later, at which time ras expression was
fully restored in 4C3 cells, cellular radioresistance was also
fully restored (Table 1), indicating a link between ras and
radiation response.

It could be argued, however, that the changes observed in
the radiation response of 4C3 cells were related to a pertur-
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bation of the cell cycle by IFN-«/8. While this may be the
case with high concentrations of IFN-«/8 (>1000-1U/m))
(36), the concentration used in our studies (200 IU/mt) has
had no significant eftect on cell proliferation and resulted in
negligible cellular toxicity in previous studies (19, 36). Fur-
thermore, a similar IFN-«/3 treatment of RS485 cells for
72.h prior to irradiation, which had no effect on rus expres-
sion, also had no effect on the response to radiation (D,,
1.80 £ 0.12 Gy; D,, 2.84 + 0.20 Gy). Labeling and mitotic
index measurements of both- the IFN-a/S-treated RS485
and 4C3 cells showed that this dose of IFN-«a/8 had no
effect on the proportion of cells in S (L1, 0.40 % 0.04) or M
(M], 0.045 + 0.004) phase. Therefore, it appears that alter-
ations in radiosensitivity of 4C3 cells were assuciated with
modulation of rus expression.

Even though ras expression was somewhat reduced in
interferon-treated 4C3 cells, the cells still exhibited mark-
edly increased resistance to radiation compared to parental
NIH 3T3 cells, suggesting a possible required threshold for
ras p21 to induce cellular radioresistance. In agreement, the
phenotypically revertant clonal line 4C8-A10, which ex-
hibits intermediate levels of ras constitutively (without
IFN-a/g treatment), also had increased radioresistance
with Dy and D, values of 1.65 = 0.07 and 2.56 = 0.09 Gy,
respectively (Fig. 3). A summary of the relationship-among
rus expression, cell phenotype, and radiation sensitivity is
presented in Table I.

It is well documented that sensitivity to radiation varies
during the cell cycle, with S-phase cells being relatively ra-
dioresistant (37, 38). Strict statistical examination of the
data showed, however, that there was no sigmificant differ-

TABLE I
Relationship of ras Proto-oncogene Expression
to Radioresistance

d

ras Radioresistance

Cell linc® level” Tumongeniaty” D, £ SE (Gy)
NIH 3T3 <0.1 0/12 1.27 = 0.09
RS485 6 9/9 1.79 £ 0.12
PR4 6 0/6 1,70 £ 0.14
4C3 (IFN) 1 0/11 1.59 % 0.09
4C3 (w/o IFN) 6 0/6 1.72+0.10
4C8-A10 I 0/6 1.65 +0.07

2 Number of survival experiments per cell line: NIH 3T3, RS485, PR4
—12; 4C3 (IFN), 4C8A10—6;4C3 (w/o IFN)—3.

¢ Data were obtaincd from Northern blot analysis, and the values are the
relative absorbance of the bands measured by densitometric analysis of the
blots.

“Number uf mice that develuped tumors after se injection of 5 A 10°
cells (19, 21), by permission).

4 Dy, duse required tu reduce the number of surviving cells to 37% on the
exponential portion of the survival curve,
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FIG. 4. Labeling (LI) and mnouc (MI) indices of NIH 3T3-denved
wells. Samples were prucessed as desunbed under Methods. Data represent
the mean 1 SE from three eaperiments with three samples per eapenment.
Statistical analysis was done as described under Methods section. Group 1,
NIH 3T3; Group 2, RS485; Group 3, PR4; Group 4, 4C3. The labeling
index is on the y axis and the mitotic index is on the )* axis.

ence in the fraction of cells in S phase in NIH 3T3 cells,
RS485 cells, and the revertant cultures, as indicated by their
labeling indices (Fig. 4). Thus the differential radiosensi-
tivity in these cell lines is not due to difterences in cell cycle.

Since recent reports focusing on ras and radioresistance
in other cellular systems have shown that increased radiore-
sistance also correlated with increased expression of other
genes including metallothionein (MT)? and myc (4, 40), we
examined their expression in our cells. Northern blot analy-
ses showed no correlation between cellular sensitivity to
radiation and the expression of either ¢-myc (Fig. 5) or MT
(Fig. 6) genes. The levels of c-myc mRNA were comparable
in NIH 3T3, PR4, and RS485 cells, regardless of their dif-
ferential ras expression and radioresistance. Expression of
MT was comparable in the RS485 and control NIH 3T3
cells despite their differential radioresistant phenotype (Fig.
6, Lanes 1 and 3). Furthermore, the MT mRNA levels were
significantly lower in PR4 cells compared to RS485 cells,
yet the two cell lines exhibit essentially the same high ra-
dioresistance. The findings that PR4 cells are not tumori-
genic and show no elevation in MT expression despite the
large amounts of p21 ras produced suggest that the induc-
tion of neoplastic transformation, modulation of MT ex-
pression, and an increase in radioresistance may occur via
different mechanisms in cells with activated ras.

DISCUSSION

The cellular ras oncogenes in their mutated form have
been implicated in intrinsic radioresistance. We show here
that quantitative changes in expression of the ras proto-on-

M. J. Renan, P. I. Dowman, and G. Blekkenhorst, Radioscasitivity of
ras-transformed cells. Effects of metallothionemn induction, Presented at
the Thirty-Seventh Annual Mccting of the Radiation Rescarch Socicty,
Scattle, WA, 1989,
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FIG. 5. Northern blot analysis of myc¢-specific mRNA. Cytoplasmic
RNA (25 ug) was 1solated from exponenually growing cells. Lane t, NIH
313, Lane 2, PR4, Lane 3, RS485. (Top) Results of hybndization with a
VP-labeled «-my¢ probe. Arrow indicates the 2.4-kb v-m3¢ mRNA. (But-
tom) rRNA, as in Fig. 1. The same amount of RNA was loaded in each
lane,

cogene are correlated with changes in cellular response to
ionizing radiation. Using NIH 3T3-derived cells that carmy
the human Ha-ras proto-oncogene (ccll line RS485 and its
IFN-«/p-induced phenotypic revertants) it was demon-
strated that. (a) cellular response to ionizing radiation is
independent of neovplastic transformation by ras, (b) there
is a correlation between ras expression and radioresistance
(as defined by the D, and D, values) with a possible thresh-
old requirement for the ras-encoded protein, and (c) agents
which-affect ras expression may also affect cellular radio-
sensitivity (Table I).

The malignant RS485 and phenotypically revertant cell
lines contain multiple copies of the ¢-Ha-ras proto-onco-
gene that are under the control of the Harvey-MuSV LTR
(17, 18) and consequently produce large amounts of p21
(18, 19). These cultures exhibited a marked increase in ra-
dioresistance compared to control NIH 3T3 cells. The re-
sults for RS485 are in agreement with those recently re-
ported by Pirollo et al. (6). In contrast to our findings with
the RS485-derived cells, independent studies with another
NIH 3T3 subclone (NN 192), transformed by the rat Ha-ras
proto-oncogene driven by the Moloney-MuSV LTR,
showed no increase in intrinsic radioresistance (3). Al-
though the two cellular systems differ with respect to their
transfected rus DNA, the differential response to 1onizing
radiation is more likely to be related to quantitative differ-
ences in ras expression. Qur studies suggest that there is
indeed a threshold level of ras expression required for the
cellular radioresistance observed in these studies. More-
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over, we have recently observed a dose-dependent-associa-
tion between ras expression and increased radioresistance
in human osteosarcoma cells (manuscript-in preparation).

Since others have suggested that response to-radiation
among NIH 37T3 subclones may vary even prior to transfec-
tion due to genetic instability (39, 40), we tested five addi-
tional neo” NIH 3T3 subclones. Our data showed no signifi-
cant heterogeneity with respect to radioresponse. The D,
values obtained for the NIH 3T3 subclones are similar to
that obtained by Chang’s laboratory (6), but appear slightly
lower compared to values obtained by others (3, 5, 35, 42).
A strict statistical analysis (33, 34) and comparison of the
values reported by these laboratories showed, however, that
those data are not significantly different from our own in
spite of differences-in experimental-techniques, dosimetry,
and dose rate, as well as the statistical model chosen to fit
the data.

We further demonstrated that the differential radiosensi-
tivity observed in cells with high ras expression is not re-
lated to clonal variations. This was shown by modulating
ras expression in revertant 4C3 cells and examining the
correlation between radioresistance and ras expression
under a uniform genetic background. In these-studies, ras
expression was modulated using IFN-«/g treatment. Treat-
ment of 4C3 cells with 200 IU/mi of murine IFN-/3
caused a partial reduction (four- to eightfold) 1n rus gene
transcription and p2 [ biosynthesis (this study, /8, 20). Inter-
estingly, this IFN-«/3 treatment of 4C3 cells was not asso-
ciated with restoration of radiation sensitivity, while it
might appear that there was a slight restoration of radiation
sensitivity, statistical analysis demonstrates that this was
not the case. Perhaps additional experiments would have
demonstrated a dose-dependent relationship between rus
expression and radiation resistance. While high concentra-
tions of IFN-a/8 (>1000 IU/ml) could alter radiation re-

12 3 4 5 6
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FIG.6. Nortiiern blut analysis of metaituthonesn I (MT-I) ransunpts
in umnduved and Cd™*-induved wells. Samples were 25 ug uf ytoplasmn
RNA from uninduced (Lanes 1, 3. 5) and Cd?* induced cultures (Lanes 2,
4, 6). NIH 3T3. Lanes | and 2; RS485, Lanes 3 and 4; and PR4, Lanes 5
and 6. (Top) Results of hybndization with a >*P-labeled MT probe. Arrow
indicates the 0.6-kb M T-specific mRNA, M T induction resulted from cel-
lular expusure to 5 pdf CdSO for 10 h. (Bottum) sRNA, as in Fig. 1.




sponse via a cell-cycle effect (36, 37), the concentrations of
IFN-a/8 used (200 IU/ml) had no significant effect on cell

proliferation and viability. Furthermore, a similar IFN-«/8-

treatment of RS485 cells, which did nou aftect rus expres-
sion (20), had no effect on the cellular response to radiation,
suggesting that the changes in radiation sensitivity in our
studies may berelated to the modulation of ras expression.

Although the tight correlation between ras expression
and radioresistance suggests a role for-the rus-encoded p21
protein in vellular response to radiation, other contributing
factors should be considered. Celluiar radiosensitivity 1s
known to vary during the cell cycle, with cellsin the S phase
being relatively radioresistant (38, 39). The observed in-
crease in radioresistance cannot, however, be explained by
a cell-cycle effect, because analysis of the labeling and mi-
totic indices showed no significant difference in tested cell
lines, regardless of the level of -rus expression. Increased
radioresistance that is independent of cell cycle was also
observed in EJ-ras-transformed pnimary rat embryo fibro-
blasts (4, 5). In some of these studies, however, a significant
increase in radioresistance was observed only after transfec-
tion with both EJ-ras and a viral myc oncogene (4, 40).
Since myc expression is cell cycle-dependent (43, 44) and
our studies involved asynchronous cell populations, no
conclusions regarding the involvement of endogenous c-
myc in radioresistance of the NIH 3T 3-derived cells can be
reached. In another study with N-ras transformed cells, it
has been proposed that enhanced radioresistance is related
to clevation in metallothionein expression.? Such a correla-
tion was not observed in our cellular system. Despite a
marked difference in MT expression between RS485 and
PR4 cells, these cultures exhibited a similar elevation in
radioresistance. Morcover, in cell lines with a comparable
MT expression but differential ras expression (i.c., the
RS$485 and parental NIH 3T3), the radiation response re-
flected the increased ras proto-oncogene expression.

Considering these results, it appears that quantitative
changes in ras expression closely correlate with radiation
response. Constitutive overexpression of ras is charactens-
tic of a variety of human cancers. If an abundance of ras
p21 protein is needed for the maintenance of the radioresis-
tant phenotype, then a decrease in ras expression might
enhance killing of tumor cells by radiation. Alternatively,
radioprotection of normal cells might be achieved through
the controlled induction of ras. This hypothesis is currently
under investigation,
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SWENBERG, C L., BIRRE, S., AND GLACINTOV, N. E. Charac-
terization of the Interaction of the Radioprotector 1-Methyl 2
{2 (methylthio) 2 piperidinovinyljquinolinium Iodide with Su
percoiled DNA. Radiat. Res. 127, 138-=145 (1991).

The interaction of the radivprotector 1-methyl-2-{2-(meth-
ylthiwy 2 piperidinovinyljyuinolinium ivdide (VQ) with lincar
and supercoviled pIBI30 DNA was studied by flow lincar
dichroism spectroscopy. equilibrium dialysis, circular di
chroism, and L'V absorption spectroscopy. The negative linear
dichroism spectra of VQ-DNA complexes throughout the 220-
500 nm wavelength region, a red shift in the VQ main absorp-
tion band (at 452 nm) of 1-2 nm upon binding to DNA, and a
concentration-dependent unwinding of supercoiled DNA sug-
gest that the primary mode of interaction of VQ with DNA (at
least at low concentrations) 1s mtercalative in nature. A least-
squares analysis of the equilibrium dialysis binding of VQ to
supereotled DNA using the McGhee—-von Hippel equativn gives
an assuciation constant & 7300 =~ 300 .} ', and an eaclusion
number 2 in the range of 3.3-5.3. The lower value of n is ob-
tained when effects of polyclectrolytes are also taken into ac
count. Because quinolinium iodide derivatives with different
substituents and DNA binding affinities can be synthesized,
this family of compounds could be employed to probe relation-
ships, if any, between radioprotective efficacy and DNA binding
affinity.

INTRODUCTION

Numerous chemicals have been investigated for their ra-
dioprotecuive ability. The most widely studied class of antir-
adiation compounds are tne aminothiols, initiaily synthe-
sized by the U.S. Army Medical Rescarch and Develop-
ment Command at Walter Reed Institute (/). The
mechanism at the moiecular level (2, 3) by which amino-
thiols confer protection is not known with certainty. al-
though a number of possibilities have been suggested. in-
cluding free radical scavenging (4, 3), hydrogen atom cx-

' Research at New York University supported by the Office of Health

and Lavironmentas Rescarch, Department of Lacrgy, Grant DL-TGO2-
S6ERGO40S.

0031758791 $300 138

change (6), enhancement of DNA repair (7), and activation
of cellular enzymatic processes (8). Studies by Zheng er ul.
(9) and Smoluk ¢ dl. (/0) have demonstrated the impor-
tance of the interaction of molecules of the radivproteciive
compounds with DNA.

Recently Foye and co-workers (11, 12) have introduced a

new dass of radivprotective compounds, the bis-meth-

ylthiv- and methylthivamino-derivatives of 1-methylqui-
nolinium iodide and {-methylpyridinium-2-dithioacetic
acid. Although not investigated as extensively as the ami-
nothiols, these compounds have been reported to provide
reasonable protection to mice at drug doses much lower
(below 10 mg/kg) than those required for aminothiols
(150-600 mg/kg) administered intraperitoneally. In addi-
tion, several compounds in this class have been shown to
exhibit significant antileukemic activity (/3). Detailed stud-
ics of the interactions of these quinolinium derivatives with
DNA, similar to those carried out with WR-1065 and WR-
2721 (9, 10), have not been performed. However, these
vompuounds have been shown to bind to DNA and to in-
hibit polymerase activity (/4).

Because the cffectiveness of radioprotective agents may
depend on their physical binding to DNA (9, 10), we inves-
tigated the physicochemical characteristics of the interac-
tion of the radioprotector 2-{methylthio]-2-piperidino de-
rivative of 1-methyl-2-vinyl quinolinium iodide (VQ) with
supercoiled DNA (plasmid pIBI30). Linear dichroism mca-
surements provide cvidence that the interaction of this
compound with DNA is primarily intercalative in nature.
This conclusion is supported by the observation that the
noncovalent binding with supercoiled DNA produces a
concentration-dependent unwinding of the superhelical
turns. The possible importance of complex formation of
radioprotective agents with DNA is discussed.

MATERIALS AND METHODS

Plasmid pIBI30 (2926 basc pairs) was isolated from Lsehieriiia o) 9y
alkaline lysis methods (/5). The 2607280 nm absorbance ratio of all super-
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FIG 1. Synthesis of ! methyl 2 {2(methylthiy-2-priperdinoving i
quinolinium iodide.

coiled DNA samples was at least 1.85, which 15 indicative of a low proten
contamination.

The radioprotector VQ was synthesized following closely the approach
described by Foye ez al. (11, 13). All reagents were obtamed from Aldrich
Chemical Company. Intially 50 g(0.35 mol) of quinohine and 49.7 g (0.35
mol) of iodomethase were added to 260 ml of 1-butanol and were refluxed
for 4 | and then cooled in an ice bath for 30 mun, The vellow product
tI-methylquinolinium rodide, MW = 285.12, product I 1n Fig. 1) was
collecied by vacuum filtration and washed with 1-butznol. 1-Mcthylqui-
nolinium sodide (35.0 g. or 0,123 mot) was dissolved 1n 100 mi of H,O to
which 500 ml of toluene was added, followed by 30 g of 50% {NaOH). The
solution was stirred 1 h at room temperature, ard the 1oluene phasc was
subsequently decanted nto a beaker contaming K,CO,. After 10 min, the
toluenc was transferved to a 1-hiter round-bottom flask, 14,05 g{0.185 mol)
of CS, was added, and the flash shaken vigorously, stoppered. and telt
wvermight at roum temperaware. The green product was collected by vac-
uum filtration wnd resuspended in 10V mi of dimcthyiformanude (DMF)
with 52.3 ¢ (0.37 mol; of CH,l. and surred overnight at room temperatere,
The yellow-green preupitate was collected by vacuum hltration, washed
with acetone, and then reunystathized from water, About 4.0 g of the bronze
wriystals, collecied by vacuum filtration, was dissolved 1 65 mi of DM}
with 0.937 2 (0.011 mol) of piperidine. The flask was sealed with a drving
tube and stored at 33*C for 6 days. Toluenc was then carefully added
{approximately 425-ml) until thic solution turned dark orange, and was
stored at 26°C until arenge crystals were ohserved to grow. Crystals {final
product) were collected by vacuum filtration and recrystallized from 2.
propanol {mp 193-195*C). The yiclds of I-methylquinolinium iodide,
product HI, and the final produci-were, respectively, 35, 4.4, and 127 of
the stariing chemical, quinotine. The identitics of the intermediate piod-
uets. 25 well-as that of the final product. were analyzed by proton NMR
SpeClrosTopy-

All cquilibrium dialysis and hincar dichroism expenimenis were con-
ducted 2t 3°C in TE buffer t8 mM Tris, | mV EDTA. pH 7.9,

The principles of the linear dichraism technique have been discussed in
detail by Fredeneq and Hoassier (741 Qur Iz out of the lincar dichroism
eaperment, which isbased 24 o haydrad, namac oncatation WFik. BNAm
aquecus solutions in a Couctte cell, is shown in Fig. 2, The-Couette oell
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consists of two concentric quartz cylinders, a stationary outer cylinder, and
a rotating inner cylinder (/7). The inner diameter of the outer stationary
cylinder is 26 mm, whilc the outer diameter of the rotating inner eylinder is
25 mm. The aqueous DNA solution is placed in the 0.5-mm annular
space, and rotation of the inner cylinder causcs a partial alignment of the
DNA molecules with their long axes parallel to the flow lines in a plane
perpendicular to the axis of rotation. The lincar dichroism (LD) is defined
by

LD =, ~ 4,, n

where A; and A, are the absorbasnces of the solutions measured with the
polarization vector of the light beam oriented either paraliel or perpendicu-
far, respectively, to the direction of flow. This flow lincar dichroism system
requires a sample volume of approximately 1.5 ml. in this work, DNA
concentrations of 7.5 x 10~* 10 1,5 x 107* Af (expressed in concentrations
of phosphate) were utilized since reasonable signal/noise ratios were ob-
tained at these concentrations. Absolute linear dichroism values were ob-
tained by calibmiting the lincar dichroism apparatus as described by Breton
et al. (18).

The cquilibrium dialysis eapenments were periormed by placing 2 mi of
a pIBI130 DNA solution (175 pM ) in dialysis bags (Spectra/Por, 6000-8000
molecular weight cut-off, Spectrum Medicai Industrics, Inc., Los Angeles,
CA) which were suspended in 6.0 ml of solutions of different concentra-
tions of VQ. Dialysis was carricd out for 4 days at 4°C: the absorbance
spectra both in and out of the dialysis bags were then determined at the
same temperature using a Hewlett-Packard -8451 diode armay absorp-
tion spectrophotometer. The concentration of free VQ was calculated
from the absorbance at 452 nm using a molar extinction cocflicient of
43000 M em™,

Thermal denaturation measurements were performed using a Hewlett~
Packard 8450 diode =array spectrophotometer oquipped with an
HPSS100A temperature control station. The temperature was increased
0 5°C72 5 min. the absorbance at 260 nm was measured once a second for
30 s, and the average was then recorded. Samples (50 pM pIBI30 DNA)
were mixed witk a magnetic stirrer throughout the experiment. All solu-
tions were deoxygenated by purging with cither argon or nitrogen, and the
cuvettes were capped tightly with a rubber septum.

The circular dichrolsm spect were recorded using a Jasco-DP-50IN
CDinstrument The signal-averaged spectra were recorded atambient tem-
perature {20°C) from 200 to-500 nm at 0.2-nm intenals in I<m path-
fength eclls under a constant flow of nitrogen gas. The data were trins-
Terred 1o 2 VAX'VMS computer sysiem, baseline-comrected, 2ad plotied
using RS/Fxplorc sofiware. Molar cilipticity values are. based on calibra-
tions using the Jasco standard ammonium J- 10-camphorsulfonate solu-
tions,

DNA Solution ~2C0-400 rpm

. Ap
- S
— >
——> | Detector |
Polanized Ky

FIG. 2. Shomatcof the flow hnzar dichrasn apparatus (sec fexi fog
detailsy,
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TG, 3. (A) Absurpuon spectrumi of a dialyzed (solid line) VQ-DNA
solution (eontents ot o dialysis-bag, DNA concentration 175 g, bound
VQ concentration 8 8 uM (r, - 005), free VQ concentration 66 uM).
Dashed line: absorption spectrum of the DNA solution (175 pa!) in the
absence of VQ. Doted curve; absorption spectrum of VQ bound to DNA
tobtained by subtracting an absorpuion spectrum of the solution outside of
the dialysis bag fivim the absurption spuecttum of the contents of the dialysis
Dag) and normiahiced ab the maximum of the vverall absorption spectrum
of VQ (bound ! free) to atllow for easy comparison (B) Solid line. lincar
dichroism spectrum of the contents of the dialysis bag (only bound VQ
molecules contribute to the Iinear dichroism spectrum). Dashed line: re-
duced Imear dichroism spectrum (LDyA, n arbitrary umts) wathin the
400-500 nm absorption band of VQ; the LD/A values were calculated
using the absorption spectrum of bound VQ molecules (dotted curve in
part A). The absorption spectra were determined using a 0.4-cm light path
length.

RESULTS

Linear Dichroism

Figure 3\ shows a typical absorption spectrum of the
supercoiled DNA (dashed line) and of a dialy zed solution of
VQ and DNA (sulid line), this solution represents an ali-
quot withdrav n from the contents of a dialysis bag contain-
ing DNA, as well wo free and bound VQ molecules, which
had been equilibrated against a sulution containing only
free VQ molecules vutside the dialysis bag. The dotted line
in Fig. 3A represents the difference absorption spectrum
(inside  outside the dialysis bag), and is thus duc solely to
VQ molecules bound to the DNA, this spectrum, ncrmal-
ized to the absorption spectrum of the solution inside the
dialysis bag for ease of comparison, is somewhat broader on
the long-wavelength side, and was used to caleulate the re-
duced linear dichruism spectrum (see Fig. 3).

The linear dichroism spectrum of the VQ-DNA solution
(Fig. 3A, solid line) is shown in Fig. 3B. Because the planes
of the DNA bases tend to be tilted perpendicular to the flow

SWENBERG, BIRKE, AND GEACINTOV

lines, the linear dichroism signal within the DNA absorp-
tion band (below 300 nm) is negative in sign, asis evident in
Fig. 3B. Intercalated planar molecules also display a nega-
tive linear dichroism signal within their own absorption
bands if the transition moments are parallel with those of
the DNA bases. Below 300 nm there is an overlap of the
DNA and VQ absorption bands and linear dichroism sig-
nals. However, the broad absorption and linear dichroism
band centered near 450 nm is due uniquely to DNA-bound
VQ molecules since free ligand molecules do not contribute
to the linear dichroism spectrum. Since the linear
dichroism spectrum between 400 and 500 nm is negative in
sign, the transition moment of VQ tends to be tilted perpen-
dicular to the flow direction. While the polarization of this
transition dipole moment has not been determined explic-
iy, it is reasonable to assume that this transition, because
of its obvious w—* origin, is polarized within the plane of
the aromatic ring system. Since the planes of the DNA
bases also tend to be tilted perpendicular to the flow direc-
tion (/9), the negative linear dichroism band in the 400-
500 nm region is consistent with (but does not necessarily
prove) an intercalative complex conformation. This hy-
pothesis can be tested further by comparing the relative
magnitudes of the reduced linear dichroism, LD/.4 (LD and
A are the magnitudes of the linear dichroism and absor-
bance signals, respectively), evaluated within the DNA ab-
sorption band at 258 nm and within the VQ absorption
band at 452 nm. The reduced linear dichroism is defined as
(17, 19)

LD/A = (3 cos? 0 — 1)F, 2)
where F (0 < IF < 1) describes the degree of orientation of
the DNA in the hydrodynamic flow gradient, while 0 de-
notes the angle formed by a vector along the flow direction
and the oriented molecular transition dipole moment. For
homogeneous binding {when all of the bound molecules are
characterized by the same absorption spectrum and the
same value of §), the reduced linear dichroism is expected to
be independent of wavelength within the absorption “and
between 400 and 500 nm (assuming that the electi. .
transition moment giving rise to this absorptin band is
alsu homogencous). The wavelength dependence of LD/.4
calculated from the linear dichroism signal-and the-absor-
bance of the bound VQ molecules (dotted curve in Fig. 3A)
is shown in Fig. 3B (dashed line). The reduced linear
dichroism does not vary by more than 10-15% within the
indicated wavelength region, suggesting that there is one
major.and primary binding site (/4), the small decrease in
the magnitude of LD/.1 with increasing wavelength suggests
nevertheless that minor proportions of bound VQ mole-
cules with nonintercalative. conformations may also be
present.

The orientat.on of the VQ transition moment vector rela-
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FIG. 4, Reduced-linear-dichroism spectra evaluated at (O) 258 nm
within the DNA absurption region. (LD, 1),55. and at (@) 452 nm within
the VQ absurption region, (LD, 1)45,. as « function of the binding ratio, 1y
- (bound VQ),(DNA nuddeotide). The cuncentation of DNA-bound VQ
molecules was determined by equilibrium dialysis, and the DNA cuncen-
tration in these eaperiments was 250 u.

tive to the average orientation of the in-plane transition
moments of the DNA bases can be estimated by evaluating
the ratio R which is defined as

- (LD/A)ss, _ (3 cos? Ovq = s
(LD/A),sg

~ 1.0, 3
<3 COSZ oDNA - l>258 ( )

where (LD/A)ss, and (LD/A)yss are the reduced linear
dichroism values determined at 452 and 258 nm, respec-
tively, When the R-ratio is equal to unity, the in-plane po-
larized transition dipole moments.of the nucleic acid bases
and those of bound drug molecules are tilted at the same
average angle with respect to the flow direction, as expected
for an intercalative complex. The R-ratio is, within experi-
mental error, constant and equal to umty for the entire
range of 1, values (bound VQ molecules/nucleotide) uti-
lized in these experiments (Fig. 4), thus further supporting
the intercalation model of binding of VQ to DNA.,

The results depicted in Fig. 4 also demonstrate that the
magnitude of the linear dichroism signal increases with -
creasing level of binding when r, = 0.02, As was demon-
strated earlier (20), this behavior is exhibited by the classical
intercalator ethidium bromide-(EB). which is known to
cause unwinding upon binding to supercoiled DNA by an
intercalation mechanism (2/). As the EB binding ratio is
increased from r, = 0 to 1, = 0.04, the unwinding causes the
hydrodynamic volumne of the supercoiled molecules to in-
crease, thus-leading to a larger, negative linear dichroism
signal (20).

In the case of pIBI30, the EB-induced minimum in the
linear dichroism signal is achieved at r, = 0.035 £ 0.003,
corresponding to complete relaxation of super coils and the
formation of covalently closed, relaxed circular DNA.
When r, > 0.035, a rewinding of the DNA is-observed,
which causes the linear dichroism signal to diminish when
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FIG. 5. Changes n superhehiaty of pIBI30 supercoiled DNA as a
function of added etludium bromide measured by the flow hinear
dichroism method. The linear dichruism signals were measured at 258 nm.,
The DNA concentration was 0.19 maZ, In this range of molar fethidium)y
[DNA nucleotide] ratios, at least 95% of the added ethidium molecules are
bound to the DNA (20).

the EB concentration is increased further (20). A typical
ethidium-pIBI30 supercoiled DNA titration curve mea-
sured by the flow linear dichroism method (20) is shown in
Fig. 5. In the case of VQ, the rewinding effect was not ob-
served within the ranges of VQ concentrations utilized in
our experiments (Fig. 4). At the highest VQ binding ratio
used, r, = 0.035, the magnitude of the linear dichroism
signal is only = 2.5 larger than in the absence of drug when r
= 0. The difference between the magnitudes of the Lo/4
data points at r = 0 and in the region of » = 0.01-0.02 is
deem2d too small to be significant, The scatter in the 452-
nm data points at low values of r are consistent with the
errors in the measured absorbances at low values of VQ.
The use of VQ concentrations corresponding to r = 0.04-
0.05 is difficult because of the high absorbances of the solu-
tions which interfere with the accurate recording of the lin-
ear dichroism signals. However, in EB unwinding experi-
ments, the signals of completely relaxed pIBI30 are 3.5-4.0
greater than those of the supercoiled form (Fig. 5, for exam-
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ple). We therefore conclude that VQ is not as effective as EB
in unwinding supercoiled DNA.

Absorption and Circular Dichroism

Typical absorption spectra of a 2 uM VQ buffer solution
and the same solution containing an excess of DNA (1.2
m.)) are shown in Fig. 6. Under these conditions, there is a
decrease observed in the molar extinction coefficient of VQ
of 35% (hypochromic effect) and a small red shift in the
absorption maximum (at most 1-2 nm). These results are
consistent with intercalative binding (/9) and suggest that
an appreciable fraction of the VQ molecules is bound to the
DNA (sce Fig. 6).

A circular dichroism spectrum of VQ-DNA complexes is
shown in Fig. 7. In the absence of DNA, the VQ solutions
did not exhibit any measurable circular dichroism signal.
However, in DNA solution ([VQ] = 50 uA, [DNA] = 200
M), a prominent negative circular dichroism signal cen-
t red at 452 nm is observed. It is apparent that the circular
dichroism spectrum is induced in nature, since it has a
shape resembling the inverted absorption spectrum. It has
been shown (22) that both the sign and the magnitude of the
induced circular dichroism for DNA intercalators depend
on (1) the lateral displacement of the intercalator relative to
the surrounding base pairs at the intercalation site,-(2) the
orientation of the intercalator transition moment in the
plane parallel to those of the base pairs, and (3) the particu-
lar base pairs surrounding the molecule. Thus the circular
dichroism spectrum shown in Fig. 7 is consistent with an
intercalative interaction mode stnce an solated long-wave-
length electric-dipole transition of a DNA intercalator
should have the same shape and position as that of the
corresponding absorption band. The negative sign of the
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circular dichroism spectrum could be indicative of the ori-
entation of the transition moment (22, 23) relative to the
in-plane transition moments of the nucleotide base pairs.

Equilibrium Dialysis

The calculations of the fractions of VQ molecules bound
to DNA, from which the r, ratios shown in Fig. 4 were
deduced, were obtained from equilibrium dialysis measure-
ments at 4°C. In these experiments, the concentrations of
free VQ molecules (Cp) were deduced from the absorption
spectra of the dialysates, while the concentration.of bound
VQ molecules was calculated from the total concentration
and the values of C. These binding data were analyzed in
terms of the McGhee-von Hippel equation (24), which
takes into account the number (#) of binding sites (base
pairs) which are not available to a second ligand molecule
after the binding of the first ligand. A typical plot (+/C; ver-
sus C;, where r is now defined as the number of ligand
molecules bound per base pair) is shown in Fig. 8; the equi-
librium dialysis data from whichr this plot was calculated are
presented in Table I. The dashed line in Fig. 8 is a theoreti-
cal fit of the McGhee-von Hippel equation-(24):

r 1=nr \n-t
.- K(1 — nr)(—————l._ = l)r) R 4)

f

where K is the association constant. This multiple-site ex-
clusion model provides a reasonable fit to the data with K

f/Cgix 107}
(Moles Bound/Moles DNA Base Pair/Free Ligand Conc.)

1 I 1 1
o] 0.02 0.04 0.06 0.08 0.10 0.12
r (Moles Bound/Moles Of DNA Base Pair)

FIG. 8. Scatihard plot denoting the number of moles free-VQ ligand
(C) versus r {(moles VQ bound per base pair). The solid circles denote the
experimental points. The solid line is-a least-squares fit of Eq. (5) to the
expenimental data points with $(0) = 4.2, K= 7600 Af~*, and n = 3,1. The
dashed hine represents 4 least-squares fit ot Eq. (4) to the data points wath A
= 7100 M"Y and n = 5.3,
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TABLE |
Concentrations of Free (C;) and Bound (C,) VQ Molecules in
a Typical Dialysis Experiment Performed at 4-C, at a kixed
DNA Concentration (175 ¢ M Nucleotide Concentration, or 87.5
uM Concentration of Base Pairs); These Data Were Used to
Construct the Scatchard Plot in Fig. 8

CelpdD) Go ()
L4l 0.730
3.00 1.67
518 273

10.3 4.00
i4 4.00
14.6 4.60
19.7 5.40
327 6.20
46.7 8.20
573 8.30
65.6 8.80

= 7100 M ! expressed in moles of base pairs and #n = 5.3
(sce dashed curve in Fig. 8).

Since the DNA molecule 1s negatively charged, we expect
that there is, 1n addition to the effects of multiple-site exclu-
sion, a polyelectrolytic contribution to the drug-DNA 1n-
teraction which gives rise to anticooperative binding effects.
For umvalently charged drug-DNA 1ntercalative binding
in the presence of an excess of univalently charged salt 10ns,
Friedman and Manning (25) and Friecdman er al. (26) have
shown that

Lo K(Z + ’) TIZE2HON 10 () 3027HOK2 - 1) + 26040/ 4 1))

Cf 2—-r

| ~nr

X1 - nr)(————-—l Yy

)n—l’ (5)

where £(0) is the charge density parameter of the polyion in
the absence of bound ligands.

E0) = ¢*/eky TD,

where q is the charge of an ¢lectron, ¢ is the bulk dielectric
constant of the liquid, A, is Boltzmann's constant, and b is
the charge spacing on the polyion chain. The solid curve in
Fig 8 is a least-squares fit of Eq. (5) to the data treating the
exclusion parameter 7 and the association constant K
- 7600 A~ as variables with £(0) 4.2, It . evident that
the polyelectrolytic contribution to bin: "1 2 1, quite small,
although its inclusion does lower the inferred magnitude of
n to a mcre realistic value representative of intercalative
binding. This value of # ( - 3) suggests that a bound ligand
molecule excludes the binding of other ligands from the two
nearest neighbor base pairs.
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Melting Curves

Thermal denaturation curves (not shown) for VQ (50
w.M) interacting with supercoiled pIBI30 DNA (50 uM)in
TE buffer give an increase in T,, of 2:5°C. This is quite
small as compared to the stabilization provided by external
(primarily) electrostatic binding molecules such-as putres-
cine. For example, Morgan et al. (27) reported an increase
in T, (AT,,) 0f 28.5°C for calf thymus DNA (25 uM) in the
presence of 50 uM putrescine in 1.5 mM NaCl solutions.
A AT, of 2:5°C for VQ-DNA is similar in magnitude to
the value of 7.5°C for 1-methyl-2-bis[(2-methylthio)-
vinyl]quinolinium iodide (product Il in Fig. 7) reported by
Foye et al. (14), and is consistent with the corresponding
association constant. We conclude that VQ does not appear
to enhance the stability of DNA significantly.

DISCUSSION

Our spectroscopic data provide evidence that VQ inter-
acts with DNA primarily by intercalation with an ascocia-
tion constant K = 7300 = 300 M~', which is much smaller
than that of ethidium bromide-DNA (K(EB) ~ 10°~10°
M-, depending on experimental conditions (28, 29)). The
value of X for VQ is similar to those reported by Foye et al.
(30) for several N-heterocyclic substituted aminoethyl disul-
fides at similar ionic strengths, and a factor of 10 less than
the binding of 1-methyl-2-bis[2-(methylthio)-vinyl]quino-
linium iodide (product I11, Fig. 1); furthermore, it isinterest-
ing to note that-the DNA binding constant decreases by a
factor of 70 when a methyl group is present at the 6-position
of the quinolinium ring of product III (/4). Thus a small
substituent on the aromatic quinolinium ring system can
exert a profound influence on the noncovalent DNA associ-
ation constant.

Itis notknown whether binding of radioprotective agents
to DNA is or is not important in determining their efficien-
cies as radioprotectors. Foye et al. (14) studied the binding
to calf thymus DNA of a series of aminoalkyl thiosulfates
and heterocyclic aminoethyl disulfides and concluded that
DNA binding for this class of compounds was not a require-
ment for radioprotective efficiency, However, Ward (2)
came to the opposite conclusion for aminothiols by noting
that their radioprotective effects are observed at relatively
low aminothiol concentrations (2-5 mAM ); based on known
aminothiol-hydroxyl radical scavenging rate constants,
comparable radioprotective effects would be expected at
much higher concentrations.(50 mA/) of radioprotectors.
Ward (2) speculated that aminothiols, especially those with
positive charges (9) which-tend to associate with-the nega-
tively charged DNA, are able to concentrate near the DNA
molecules, thus providing high local concentrations of
these radioprotective agents for effective scavenging of radi-
cals produced by ionizing radiation. Thus radicals formed
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on the DNA can be quenched by hydrogen atom transfer,
and hydroxyl radicals produced in the agqueous environ-
ment van be prevented from reaching the DNA molecules
by these large loual concentrations of radioprotective
agents. This hypothesis is supported by the observation that
negatively charged aminothiols have low radioprotective
efficacies (9, 10).

Significant radwprotection in the case of whole-budy 4
irradiation of mice (J0 Gy) was observed at doses of VQ of
< 2.5 mg, kp, 1.e., at dose levels 50-100 times smaller than
those required for typical aminothiol derivatives (/7). It
was therefore concluded that these two different classes of
compounds exert their radioprotective effects by different
mechanisms.

The apparent DNA binding affinities of VQ and the
amunothivl WR-1065 appear to be simular (70). Because of
the relatively low value of K (=7300 =+ 300 M, expressed
in concentrations of base pairs), a substantial fraction of
VQ molecules are not associated with DNA under the con-
ditions of the dialysis experiments (DNA concentration
175 pM, total VQ concentration in the range of 10-400
). If. in vivo, there is an analogous distribution of VQ
molecules between DNA and other macromolecular bind-
ng sites and 1n the free state, VQ molecules can scavenge
radicals when they cither are associated directly with DNA
molecules or are located relatively far from DNA mole-
cules. The rate of scavenging of hydroxyl radicals by VQ is
not known, although it certainly cannot be larger than the
diffusion-limited value of 1.3 A 10'"mol ' dm’s ' for gluta-
thione reported by Quintiliani e ul. (31). AT physiological
pH values, VQ 1s positively charged. Its concentration
within the itnmediate neighborhood of DNA is thus ex-
pected to be significantly kigher than in the bulk phase; in
contrast, the oxidized form of glutathione 1s negatively
charged and its concentration is expected to be low near the
DNA molecule (32). For these reasons, radical scavenging
by VQ is expected to be significantly lower than scavenging
by glutathione in the bulk phase, however, within the 2-to-
3-nm water layer surrounding the DNA, radical scavenging
by VQ rather than by glutathione s likely to be more im-
portant. Because only those hydroxyl radicals which are
formed within the immediate vicinity (2-3 nm) of DNA are
of importance for creating DNA damage (/0), even small
concentrations of VQ (relative to glutathione) could be sig-
nificant as hydroxyl radical scavengers in cellular radiopro-
tection. Furthermore, 1-methyl-2-[2-(methylthio)-2-piper-
idinovinyl]quinolinium iodide is a molecule that is capable
of undergoing a variety of reactions in addition to free radi-
cal addition. The methylthio-piperidinovinyl moiety 1s es-
sentially 2 ketene thioaminal and is capable of undergoing
additior reactions with both nucleophiles and clectro-
philes, as well as cycloaddition reactions in a manner analo-
gous to those of ketene aminal and thioketal. Hydrolysis of
this moiety to the ketene form could then readily undergo
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reactions with water, amino, hydroxyl, and-other chemical
groups. Nucleophilic addition is alsv possible on the quino-
linium ning, with the 2- and 4-positions being the most reac-
tive. Reactions at these sites, however, would not be as
likely under physiological conditions.

Finally, the possibility of designing VQ molecules with
different substituents, and thus different DNA-binding af-
finities (/4), suggests that this series of molecules could be
used to test the importance of DNA binding in radioprotec-
tion, and thus provide some clues to the molecular mecha-
nisms involved.
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In this study, hypoglycemia-induced by injection of lipopolysaccharide (LPS) or the recombinant cytokine
interleukin-lec or tumor necrosis factor alpha (administered alone or in combination) was compared. LPS-
induced hypoglycemia was reversed significantly by recombinant interleukin-1 receptor antagonist.

Among the vaned responses elicited by adminstration of
lipopolysacihande (LPS) in vivo 15 ¢ modulation of glucose
metabolism, which in mice results 1n dose-dependent hypo-
glycemia (reviewed in references 18, 21, 22, and 30). LPS is
also known to induce cytokines, among which are interleu-
Kin-1 (IL-1) and tumor necrosis I.ctor (TNF), and both of
these have been demonstrated to induce hy poglycemia when
administered to mice in vivo (3, 4, 7, 8, 15. 21, 22, 25). Thus,
it has been hypothesized that IL-1 and TNF act as probable
intermediates in LPS-induced hypoglycemia. However, we
recently demonstrated that administration of a rabbit poly-
clonal immunoglobulin prepared against recombinant murine
TNF to mice failed to block LPS-induced hypoglycemia,
under conditions in which a highly significant inhibition of
serum colony-stimulating factor (CSF) activity was observed
(27). In the present study, we attempted to determine the
role of IL-1 in mediating LPS-induced hypoglycemia. Our
results demonstrate that a recombinant IL-1 receptor antag-
onist (rIL-1ra) reversed significantly the hypoglycemia in-
duced by LPS, even when administered 3 days prior to LPS
challenge, suggesting that IL-1 is an intermediate in this
process.

(Portions of this work were carried out by B. E. Henncson
in partial fulfillment of the requirements for the Ph.D. degree
from the Uniformed Services University of the Health
Sciences, Bethesda, Md.)

Female mice, 5 to 6 weeks of age, were used for all
experiments. The following strains were used during the
course of thus study: C3H/HeN (National Cancer Institute,
Frederick, Md.), and C57BL/6J, C3H/OuJ, and C3H/HeJ
(Jackson Laboratories, Bar Harbor, Maine). The experi-
ments reported herein were conducted according to the
principles set forth m Gude for the Care and Use of
Laboratory Ammals (16a). Mice were injected intraperitone-
ally with 0.5 ml of pyrogen-free saline (Abbott Laboratories,
North Chicago, 1lL.), 25 pg of Escherichia coli K235 LPS
(prepared by the phenol-water extraction method of Mclntire
et al. [17]). or the mdicated concentrations of recombinant
murine [L-1a (rIL-1a; kindly provided by Peter Lomedico,
Hoffmann-LaRoche, Inc., Nutley, N.J.) or recombinant
human TNF-« (fFTNF-«; kindly provided by Abla Creasey,
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2494

Cetus Corporation, Emeryville, Calif.). rIL-lra was the
generous gift of Robert Thumpson (Synergen, Iac., Boulder.
Colo.). All dilutions of LPS, cytokines, or riL-1lra were
prepared 1n pyrogen-free saline. Levels of blood glucose in
serum samples (povled from two to six mice per treatment
per expenment) were measured by using a glucose oxidase
reagent kit {Sigma Chemucal Co., St. Louis, Mo.), mudified
exactly as descnbed elsewhere (13). A glucose standard
curve was included 1n each assay. All data were analyzed by
two-tailed Student’s ¢ tests.

The capacities of LPS (25 pg), riL-la (500 ng), and
rTNF-a (7.5 pg) to induce hypoglycemia were first com-
pared. For this itial series of expenments, the doses of
LPS, rlL-1la, and rTNF-a chosen were based on previous
experience 1n which these three reagents were compared for
therr ability to induce comparable CSF activity (26). The
data in Fig. 1 confirm and extend previous work using these
three inducers of hypoglycemia; injection of LPS leads to a
staustically sigmificant depression of blood glucose levels by
4 h after injection. In contrast, both r[L-la and rTNF-«
induced a significant degree of hypoglycemia by 2 h after
administration, although the hypoglycemic response to
rIL-1a was significantly greater than that induced by rTNF-«
at 2 h (P = 0.007).

These findings were further extended by analyzing the
effects of the recombinant cytokines administered at various
doses, alone or in combination, on blood glucose levels
obtained 6 h after injection (Table 1). Both rIL-lax and
rTNF-a induced dose-dependent decreases in blood glucose;
however, when administered in combination, a more pro-
found state of hypoglycemia was observed, resulting in a
maximum decrease in blood glucose of ~50%. Certain dose
combinations (i.c., IL-1 at 100 ng plus TNF at 5 pg, IL-1 at
500 ng plus TNF at 5 pg, and IL-1 at 100 ng plus TNF at 7.5
1g) were synergistic and resulted in hypoglycemia which is
significantly greater than one would predict from the sum of
the decreases observed following injection of either cytokine
individually (P < 0.001). This pattern of induction of hypo-
glycemia by rIL-lae and/or rTNF-a was also observed in
LPS-hyporesponsive C3H/HeJ mice under conditions in
which 25 pg of LPS failed to induce a significant decrease in
blood glucose levels (data not shown).

Given the fact that LPS has been demonstrated to induce
both IL-1 and TNF in vivo (reviewed in references 19 and
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F1G. 1. Effect of adnmunistrativn ot LPS. rIL-lx. and rTNF-a on bluud glucose levels in mice. Groups of mice «C5TBL.6J, C3H. HeN. and
CIH/Ou). twu tu hive mive per treatment per experiment) were ingected with 25 pg of LPS (left panely or saline. ril-1a (300 ng). or r INF-a
.5 e wight pancli. Scium samples were collected and puuled at the indicated times after injection. and bluud glucuse was measured as
Joscnibed in the teat. The rosults iepresent the anthmetiv means = standard errurs of the means of 4 10 12 separate expenments for cach data
puiat. Fur LPS. levels of bluoud glucuse were signifivantly different «F < 0.05) from sahine vontruls at 4 and 6 b after ingection. Levels of blood
glucose were significantly differeat from saline controls at 2. 4. and 6 h after iyjection of either rIL-1x or rTNF-a.

28) and since bouth of these cytohines teither alone or in
combination) induce hy poglycemia faster than LPS (Fig. 1).
it has been hy puthesized that buth of these cytohines medi-
ate the hypoglycemia .aduced-by LPS, However. unless a
spectfic LPS-mediated effect 15 bloched with a ytokine-
specific antagonist, it cannut be presumed that the cytohine
in gquestion is indeed an intermediate in the response being
studied. For example, we receatly ubserved that administra-
tion of a monuspedifiv anti-munne rTNF-a antibody to mice
failed to block LPS-induced hypoglycemia, even at concen-
trations that were 10 umes higher than that required to ablate
LPS induced serum TNE (27). reduce LPS-induced CSF
activity significantly (27). and acutralize i vivo <l of the
TNF activity produced in the spleens and sera of tumor-
beaning mice injected with 25 pg of LPS (20). Thus. 1t was
concluded that TNF-a may not serve as an intermediate i
the induction of hypoglyeemia by LPS. even though us
cxugenuus admunistiation results in a sigmificant decrease i
blood glucose levels (3. 4. 25).

Recently. o human (L lra was cloned and purified (10).
This protein binds to high affic ity munine IL-1 receptors 16.
121 and has been shown (o inhibit IL 1-induced prostaglan-
din L. and cullagenase secretion from synowial cells in vitro
{2). We have used this reagent to inhubit signifivantly LPS-
induced CSF activity. as well as the inductivn of carly
endutoxin tolerance by LPS, in vivo (14). Table 2 illustrates
the cffects of sumultancous vt prive administration uf tIL-Ira
un LPSanduced hypuglycemia. Separate groups of mie

were ingected on day 0 with either saline (treatment groups A
to D) or the rIL-1ra (treatment group E). Three days later.
individual groups were challenged with saline (treatment
group Aj). LPS only treatment group B). rlL-lra only
ttreatment group C). or both LPS and rIL-1ra (trecatment
group D). This expenimental design was chusen so that we
would concurrently assess buth the simultancous and long-
term efficacy of the fIL-1ra 1n this sy stem (treatment group D
versus group E). The dose of rIL-1ra (300 pg) used-in this
study was based un two n vive observations. (i) this
wonceatration of ril-lra was found to resuit in a highly
significant reduction of LPS-induced CSF activity and early
endotoxin tolerance in vivo (14), and i) 1n preliminary
experiments, 300 pg of rIL-Ira was found-to reverse the
hypoglycemia induced by 300 ng of rIL-1x from 45 to 917¢ of
the saline control. As shown 1n Table 2. 25 pg of LPS
induced the expected level of hypoglycenua ¢ 5472 of the
saline control. cumpare treatment groups A and B). Injection
of rIL-1ra (300 pg) only (treatment group C) had no effect on
bloud glucose levels. However. when the rfL-1ra and LPS
were administered  simultancously trcatment group D).
bluud glucuse levels were significantly higher than when
mice were treated with LPS only. Thus, ¢IL-1ra partially.
but significantly, reverses the hypoglycemia induced by
LPS. LPS-induced hypoglycemia was reversed to the same
extent even of the rIL-1ra was admimstered 3 days prior to
LPS (treatment group Ej. and the extent of the reversal aith
tIL-1ra 15 comparable to that ubserved 1n muee rendered
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TABLE 1. Effects of combined treatment with riL-la and
rTNF-« on levels of blood glucose

INFECT, [MMUN,

TABLE 3. Effect of rlL-1ra on-LPS-. rTNF-«-. and
rlL-1a-induced hypoglycemia

Blood glucose level

Treatment (7 of saline P value
controls) fu]
Saline 100.0 = 2.9 (8]
1L-1
10 ng 87.8 = 6.0 [5) 0.066 (NS”)
100 ng 80.2 = 4917) 0.003
500 ng 70.0 = 6.5 {7] 0.001
TNF
Speg 88.5 = 6.817] 0.128 (NS)
7.5 ug 80.0 = 5.91(7) 0.007
IL-1 (10 ng) + TNF (S pg) 754 = 5.8 (4] 0.002
IL-1 (100 ng) = TNF (5 pg) §2.326.2(6] <0.001
IL-1 (500 ng) = TNF-(5 pg) 48.1 = 3.714] <0.001
AIL-1 (10 ng) + TNF (7.5 pg) 68.8 = 4.3[4] <0.001
IL-1 (100 ng) = TNF (7.5 pg) 544 2 5.41(5] <0.001
IL-1 500 ng) + INF (7.5 pug) 48.9 = 4.1[6) <0.001

LPS Q25 ng) 58.6 = 55041 <0.001

“ Groups of mice were injected with saline. LPS. or the indicated concen-
wravwns of SIL Lo andur ¢ TNF a. Mice were bled 6 h later. and the level of
blood glucose was measured in pooled samples as described in Materials and
Mcthods. Results represent the arithmetic means = standard crrors of the
mcans of n scparatc expeniments per treatment group. The level of sigmifie
wanee £y, determmed by companson by Student s ¢ test with the sahine
treatment group. 1s provided.

# NS. not sigaificant.

endotoxin tolerant * by imgection of LPS 3 days pnor to
challenge with LPS wtreatment group F). Significant reversal
of LPS-induced hypuglycenua v mice which have been
rendered endotoxin tolerant has been reported previously
t135. Simultaneous treatment of mice with a higher concen-
tration (600 pg) of rlL-1ra and 235 pg of LPS wa. no more
cfficacious 1n the reversal of hypoglycemia than that ob-
served with 300 pg of fIL-1ra. and the inhibiiun observed
with 150 pg of (IL-1Ira was found not to be statistically
significant (data not shown).

Since TNF-a has been shown to mmduce IL-1 at high

TABLE 2. Effect of rlL-ira on LPS-induced hypoglycemia

Mecan blood

Treatment
Grou h " lucosc level = P value*

’ (day 0:day SEM tmgidh [n)®
A Salnesaline 105.0 = 3.1 (12}
B Salne.LPS (25 pug) 56.7 2 34[14] -0.001,AvwsB
C  Saline/rlL 1ra (300 pg) 1009 = 5.9 [6)
D  Saline/LPS + riL-1ra 79.1 = 4.6 ()] 0.011.BvsD
E rIL-1ra (300 pg)/LPS 799 = 3.3 (4} 0.003,BvsE
F  LPSILPS 804 =7.1{10) 0.003.BvsF

Mue (LFTBLAOS, weie sjruied vn day O waih satine, thh-ara JOO pgs.
andiur LPS (25 ags and then challenged 3 days later «day 35 with saline, LPS
128 ugh rIL 1ra {300 pg). or LPS plus rll. Ira. as indicated Mice were bled 6
h after the day-3 wyection. and blood glucose levels were measured as
descnbed 1n Matenals and Methods.

* Reauits sepresem anthmetn, mcany 2 standard crrors of the means of
Slowd gluvuse levels measured on puuled serum samples four o1 five mice pe.
freatment group per experiment) from the indicated number (n) of individual
expenments.

Dilferences were assessed oy unpaired Student s 7 test, and P vatuss for
specific comparisons are reported,

Mecan blood glucose

Treatment level = SD tmgrdl)®
Saline 939 =272
LPS (25 pg) 61.5 = 0.7
LPS (25 ug) + riL-Ira (300 pg) 7.4 = 1.2 (P = 0.041)
FINF-a (1.5 pg) 726 = 3.1

FTNF-a (7.5 pg) + riL-1ra (300 pg) 7.7 = 0.4 (P = 0,765)

78.7 = 5.4
96.0 = .0 (P = 0.042)

riL-1a (500 ng)
rlL-1la (500 ng) + rlL.-1ra (300 pg)

* Mice (CSTBL/SS: four mice per treatment group) were tnjected with
saline. LPS (25 pg). FTNF-a (7.5 pg). or rll:1a (500 ng). with or without
rlL-1ra (300 pg). as indicated. The mice were bled 6 h Fater. serum samples
were collectad. and blood glucose levels were measured as desenbed in
Materials and Methods.

k Results represent enthmetic means = standard deviations of blood
glucor. levels measured m two separate assays of pooled sera from a single
representative expenment. Differences were assessed by a pared Student s ¢
test, and P values for companson of a speific treatment in the absence and
presence of rlL-Ira are provided in parentheses.

concentrations (9). the capacity of the rIL-1ra to antagumze
TNF-induced hypoglycemia was also examined. Table 3
shows that simultaneous admimistration of rIL-1ra (300 pg)
and LPS (25 wg) results in partial reversal of hypoglycemia
(as was scen in the data in Table 2). In contrast. rlL-1ra-had
no effect on the induction of hypoglycemia by rTNF-« (7.5
ng), whereas the hypoglycemia induced by riL-1a (500 ng)
was reversed completely by simultaneous administration of
the mhibitor. These findings suggest that if TNF-a-induced
IL-1 15 respunsible for hypoglycemia. it 1s either acting
intracellularly or through an’IL-1 receptor ty pe te.g.. type 1)
which does not bind the rIL-1ra.

Administration of LPS tu experimental amimals causes a
profound carbohydrate "dyshomeostasis™ (21, 22. 31) which
is dose. time. and species dependent. Typically. one ob-
serves in sera of plasma of LPS-injected animals a pattern of
initial hyperglycemia. which is followed by a profound
hypoglycemia (reviewed in reference 21). The effect of LPS
on specific pathways involved in carbohydrate metabolism
has-also been examined by many. and it appears_that the
basis for the observed hypoglycemia is multifaceted: inhibi-
tion of gluconcogenesis, increased glycogenolysis. increased
peripheral glucose oxidation. induction of hyperinsulinemia,
and increased glucose tolerance have all been suggested (11.
18. 21, 22, 30). The seminal work of Berry and his colleagues
(reviewed in reference 18) provided important insights into
the regulation of glucose levels following endotoxin admin-
istration. These 1nvestigators demonstrated that in response
to LPS, a macrophage-derived soluble factor is produced
which inmbits gluconcogenesis. This soluble factor was
called glucocorticoid antagomzing factor. It is detectable in
the serum within 2 h of LPS administration and acts on
hepatocytes by blockingcoriicosteroid-induced phosphoenol-
pyruvate carboxykinase (PEPCK), a rate-hmiting enzyme in
the conversion of oxaloacetate to phiosphoenolpyruvate dur-
ing gluconeogenesis. This provided-the first evidence that
the hypoglycemia induced by LPS could be mediated indi
rectly by a macrophage-denved soluble factor. However,
this inay not be the only pathway by which LPS induces
hypoglycemia. Recently. Silverstein etal. (23) demonstrated
that hydrazine sulfate, a specific inhibitor of gluconcogene-
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sis. wounteracted the LPS induced decrease in PEPCK ae-
tivity, however, the muee were stll hypoglycemie. This
points to the possibility thatinhibition of PEPCK activity as
« mechanism for distupting gluconeugenesis may be but une
of severdl pathways in the induction of LPS-induced hypo-
glycemia. FCut example.inan carhier study . Snyder et al. (24
reported that LPS induced an increase in the glycolytie
enzyme pyruvate hinase. which could also -have a net effect
of counteracting gluconeogenesis.

Nonetheless. the finding that LPS-induced hy poglycemia
«ould be reproduced in vivo by injection of an LPS-induced,
macrophage-derived soluble factor led to the testing of
specific LPS-induced-cytokines as more purified oy tohines.
and subsequently. recombinant ¢y tokines became available.
Since it is well documented that both IL-1 and TNF are
induced very early in response to LPS. some of the initial
studies were carried out using paridally purified preparations
of natural IL-1. For example, in a study by Hill et al. (15).-an
IL 1 rich preparation was shown to induce hypoglyceima
and to decrease PEPCK activity. however, the methods
used to purify this material could not have ensured the
elimination of other cytokines. such as TNF or IL-6. In a
subsequent study ., Del Rey and Besedovshy (7) showed that
injection of rIL-1 into mice and rats led to hy pogly cemia. In
mice, this decrease in blood glucuse was accompanied by
enhanced levels of insulin. glucagon. and cortivusterone,
whereas in rats, only the last two were enhanced. In rats
which were adrenalectomized. tIL-1 induced severe hypo-
ghycem.a. as well as hypuinsulinemia, and therefore it was
concluded that the effect of IL 1 was independent of its
capacity to induce insulin. Subsequently . these investigators
showed that rIL 1 induced hypoglycemia in nurmal animals
and exerted normalizing cffects in mive rendercd Jdiabetic by
alloxan treatment and in two iasulin resistant. diabetic
mouse strains In these studies, they found a decrease in
insulin levels in mice injected with rIL 1 and again con-
cluded that rIL 1 did not cause hypoglycemia by inducing
insulin (8). In contrast. Sacco-Gibson and Filkens (21) and
Yelich et al. (31) showed that rIL-1 induced in glucose-
challenged rats both increased gluvose Jlearance and hyper-
insulinemia and that both responses were a Jlear potentia-
tion of the responsc to gluvose alone. in a subsequent review
{22). Sacco-Gibson and Filkens postulated that additional
cofactors induced by LPS. such as TNF. might synergize
with IL-1 to potentiate hy perinsulinemia. Recentiy. Bird et
al. 15) showed that rIL-1 increased the rate of glycolysis tas
measured by increased lactate production) and also caused
an increase in hexose transport by increasing the net rate of
glucose transporter synthesis in vitro. LPS-induced in-
creases in plasma lactate levels in vivo have also been
documented (30, 31).

Since TNF has many of the same biological properties as
IL-1 (reviewed in references 16 and 19) and has been shown
to induce [L-1 at high doses (10). it is not surprising that
rTNF-a was also found to modulate blood glucose levels in
both rats and mice (4. 25). Tracey et al. (25) demonstrated
that continuous infusion of rTNF -a into rats for 20 minled to
adose dependent induction of hy perglycemia, followed by a
profound hypoglycemia ~4 h postinfusion. Bauss et al, (4)
subsequently showed that a single injection of rTNF-a into
mice led to a decrease in plasma glucose levels i both
LPS-responsive and LPS-hyporesponsive mouse strains. In
addition, they observed an increase in plasma lactate levels
when very high doses of rTNF-x were administered: how-
ever. this was not observed in LPS-hyporesponsive C3H/f
HelJ mice. Bagby et al. (3) found that infusion of culture
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supernatants which contained LPS-induced monohines into
rats which had been made-endotoamn tolerant had « much
more profound effect vn alterations in plasma insulin. gluca-
gon., and catecholamines than administration of 1 INF alone,
suggesting the possibility of soluble-factor synergy.

The data presented in this report confirm and extend many
of these previous findings. 1t 1s clear that () ether riL-la or
rTNF-u 15 capable of inducing significant hy poglycemia by 2
h after injection (equivalent to levels induced by LPS at 4 h
after mjection) and () rlL-la appears to be more potent.
acting somewhat more quichly than rINF-a (Fig. 1 and
Table 1). When injected 1n combination. rlL-la and iITNF-a
synergize to mduce hypoglycemia (Table 1), This finding
extends an increasingly growing list of bolvgieal effects in
which IL-1 and TNF have been found to synergize. death.,
weight loss. early endotoain tolerance. hematopueiti
hanges. radioprotection, and others (29. reviewed in refer-
ence 19). The finding that rIL-lra significantly reversed
LPS-induced hypoglycemia (Table 2) directly demunstrates
that IL-1, induced by LPS. 15 an intermediate 1n the indue-
tion of hypoglycemia by LPS. This teversal 1s incomplete. s
induced to the same extent when clL-1ra 15 admmstered
simultancously with or 72 h prior to LPS. and 5 not
augmented by administration of higher douses of riL-lra,
suggesting strongly that IL-1 15 not the only intermediate 1n
this complex provess. This nution 1s further strengthened by
the data in Table 3 showing that the rIL-1ra faled to reverse
rTNF-a-induced hypuglycemia. Thus, it scems unhhely that
hypuglycemia induced by rTNF-a 15 mediated by elaburated
IL-1. However, previous findings that anti-r TNF -« antibody
failed to reverse LPS-induced hypoglycemia or cortivoster-
one levels, under conditions in which induction of CSF was
significantly inhibited 126). suggest that TNF may not be the
additwnal intermediate 1n this LPS-induced cascade and that
perhaps other cofactors. such as IL-6 (1), participate in the
induction of hypoglycemia. However, an alternative expla-
nation may be that anti-tTNF-a antibodies are unable to
extravasate into the hver in sufficient quanities o neutralize
TNF effects on hepatocytes. The prolonged half-life in the
crculation of anti-TNF antibody 1several days) supports this
pussibility, Future expenments using TNF receptor antago-
nists will be required to address these possibilities.
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