
specific for the remaining HBV-encoded 
antigens in multiple MHC backgrounds are 
needed to fully understand the relative abili- 
ty of the response to each HBV antigen to 
cause liver cell injury in viral hepatitis. The 
current studies in the HBV transgenic 
mouse system also represent a model for the 
analysis of the immunobiology and patho- 
genesis of other viral diseases for which 
alternative experimental systems do not ex- 
ist. 
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HIV- 1 Coat Protein Neurotoxicity Prevented by 
Calcium Channel Antagonists 

Coat protein gp120 from the human immunodeficiency virus type-1 (HIV-1) 
increased intracellular free calcium and injured rodent retinal ganglion cells and 
hippocampal neurons in culture. Highly purified recombinant gp120 envelope protein 
produced these effects in a dose-dependent fashion at picomolar concentrations. 
Imrnunoprecipitation with antibody to gp120, but not with control immunoglobulin- 
containing serum, depleted solutions of the viral envelope protein and also prevented 
both the rise in intracellular calcium and neuronal toxicity. The gpl20-induced 
increase in intracellular calcium was abrogated by transiently lowering extracellular 
calcium or by adding the dihydropyridine calcium channel antagonist nimodipine (100 
nM). Calcium channel antagonists also prevented gpl20-induced neuronal injury. In 
addition, intracellular stores appeared to contribute substantially to the increase in 
calcium elicited by gp120. Since increases in intracellular calcium have been associated 
with neurotoxicity, it is possible that an injurious effect of gpl20 on neurons might be 
related to this mechanism and that treatment with calcium channel antagonists may 
prove useful in mitigating HIV-1-related neuronal injury. 

OTH NATIVE AND RECOMBINANT VI- 
ral envelope protein gp120 of HIV- 
1 have been found, even in the 

absence of infectivity, to produce neuronal 
cell injury in the mammalian central nervous 
system, specifically in cultures of hippocam- 
pal (1) and retinal ganglion cell neurons (2). 
This finding may account at least in part for 
the neurological manifestations of demen- 
tia (3) and blindness (4) encountered in 
acquired immunodeficiency syndrome 
(AIDS). An increase in intracellular neuro- 
nal ca2+ is associated with and apparently 

responsible for several forms of neurotoxici- 
ty, including that mediated by excitatory 
amino acids binding at the N-methyl-D- 
aspartate receptor (5; 6). Thus, a reasonable 
mechanism for gp120 neurotoxicity might 
be postulated to involve an increase in intra- 
cellular Ca2+. Furthermore, since gp120 
had been reported to increase intracAlular 
ca2+ in T lymphocytes ( 7 ) ,  we decided to 
examine the effect of this viral envelo~e 
protein on Ca2+ in mammalian central n&- 
rons. 

The concentration of intracellular free 
ca2+ (~Ca"1;) was measured in Dostnatal 

\ L  J., 

E. B. Dreyer, Department of Neurology, The Children's rat retinal ganglion cells (8 )  by digital imag- 
Hospital; Department of Ophthalmology, Massachusetts 
E~~ and E~ idrmary, and ~~~~~d ~ ~ d i ~ a l  school, ing microscopy with the Ca2+-sensitive fluo- 
Boston, MA 02115. rescent dye fura 2 (9). Application of 200 
P. K. Kaiser and J. T. Offermann, Depamnent of 
Neurolow. The Children's H o s ~ i t d  and Haward Medi- pM purified gp120 a recorn- 
cal Sch&l,'~oston, MA 021 15: binant source (10) produced a striking in- 
S. A. Li ton De artment of Neurolo The Children's 
~ o s ~ i t a f I  ~ ; t h  Erael Hos itd ~ r i ~ $ n  & Women's crease in [ca2+]i (Fig. 1). Compared to 
Hos ital; and Program in &eur~science, Hmard  Medi- control levels ([Ca2+li = 63 2 4 nA4, mean 
cal &ool, Boston, MA 02115. 2 SEM, n = 42) obtained before the addi- 
*To whom correspondence should be addressed. tion of coat protein, levels increased 33-fold 
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Fig. 1. HlV-1 emdope pronin gp120 increases [Caz+], in postnatal rat retinal ganglion dl neurons. 
Ganghcel is  r r p a r r d b y ~ o n h t h e ~ ( 8 ) w a c M e d W i t h l O ~ f u n Z A M  
(~01- Propa) (9). R c c o m W  mx r (rgp120-3B; 2 to 632 pM) was mixed in the bath 
solution and applied by pressure ejection a miaacapiUvy pipette (aperture 5 (M, 3 to 7 i) 
located at a distance of -10 to 20 pin fium the neuronal cell body. The dose listed is that of gp12rin 
the pneumatic p i p  A somewhat d a  concentration would be expectd to r e d  the neuronal 
surface. All ents were perbrmed at room temperature (21" to 24°C). (A) Kinetics of [Ca2+]i in 

on cell in response to various doses of gp120; the black bar at the top of the arctimlg$-=' 'w= 
indicates a 3-min a plication of 120. (B) Dose-response curve of gpl20 vefsus [Ca +]i 
(mcuolsd 7 min akx addition 3gp120, that is, 4 min after completion of a 3-min apPlicatlon). values 
are mean 2 SEM, n = 24. 

[Ca2+li (compare strip and grey bars: 
although the mean [Ca +]i was greater after 
application of gp120 treated with preim- 
mune serum than after gp120 alone, this 
d i g ~ n c e  did not reach statistical signifi- 
cance). Both gp120 and preimrnune serum- 
treated gp120 produced a sigdcant in- 
crease in [Ca2+Ii compared to the control 
[(P < 0.01, analysis of variance (ANOVA) 
Mowed by Sch& multiple comparison of 
means; significance indicated by an aster- 
isk]. In contrast, immunopredpitation with 
postimmune serum containing anti-gpl20 
completely abrogated the gp120 effect 

(opm bar). 
We next studied whether alterations in 

extracellular or intracellular a+ levels af- 
fra the action ofgpl20 on retinal ganghon 
cells. Free [Ca2+li (determined as in Fig. 1) 
did not vary when cells were incubated tbr 
10 to 40 min in normal (2.5 mM) @+ or 
in medium lacking added Ca2+. Neurons 
bathed in a normal Ca2+ bath preceding 

within 7 min of gp120 application (2100 A 
330 nM, n = 10; range of values 934 to 
3943 nM). Other prepamions of gp120 
p d e d  h m  natural isolates (RF2 and 3B) 
produced similar results (11). All experi- 
ments shown here used the highly p d e d  
recombinant gp120. Similar dfects were 
seen when gp120 was applied to hippocam- 
pal neurons (12). Overall, 200 pM gp120 
produced an increase in [Ca2+li in 76% of 
the neurons tested (n = 75). 

Several expe&xmts indicated that gp120 
was responsible tbr this rise in [C$+li. 
Application of normal ba medium did 9+ not produce a change in [Ca ]i, although 
subsequent addition of gp120 to the same 
retinal ganglion cell ncurons increascd 
[Ca2+li to -2 pit4 (n = 10). Treatment of 
gp120 with aypsin fbllowed by neutraliza- 
tion with soybean aypsin inhibitor (Sigma) 
d t e d  in a preparation that was no longer 
active in increasing [Ca2+li. As the m m b i -  
nant gp120 was produced h m  a construct 
with the herpes simplex virus glycopmein 
D signal sequence (lo), we applied glyco- 
protein D, made in exactly the same medium 
as recombinant gp120, to retinal -on 
ClIls (n = 6). Glycoproteh D exerted either 
nodfectordtedinamodestincreasein 
[Ca2'li (<200 nM, n = 6), but never to the 
micromolar level typically observed &a the 
addition of equimolar gp120. 

Pressure ejection of 50 mM KC1 on these 
neurons yielded an increase in [Ca2+]i to the 
range of 600 nM (600 2 99 nM, n = 5). 
Brief txposurrs to KC1 tbr 30 s to 3 min 
produced these levels of Ca2+, which peaked 
within 1.5 min of the beginning of the 

addition and recovered to levels of -250 
nM over the next fkw minutes (240 + 21 
nM, n = 5). In contrast, at least a 1-min 
addition of 200 pM gp120 was necessary to 
produce any rise in [@+]i, and the eftbct 
was persistent and inwersibk during the 
course of an crperiwnt on a single cell (10 
to 30 min of [Ca2+li monitoring, with 
measurements every 30 s). The time course 
of the change in [cL?+li evoked by a 3-min 
application of various doses of gp120 is 
shown in Fig. 1A. The peak level was 
reached -7 min afar the beginning of the 
addition. Thus, there were both qualitative 
and quantitative dSmmces in the obsvved 
increase in [Ca2+li in response to K+ as 
opposed to gp120. 
Extremely low doses of gp120, in the 

picomolar range, were efkaive in increasing 
[Ca2+li in a graded, dose-dependent fashion 
(Fig. 1B). As little as 20 pM gp120 pro- 
duced incrrases in [Ca2+li. Very high levels 
of frte f&+ (12  pA4) were obtained with 
concentrations of gp120 at or above 200 
PM. 

The inacascs in [Ca2+Ii observed with 
gp120 could d have been caused by a 
contaminant in the purified preparation of 
the viral envelope protein, although this 
seems unlikely with the highly p d e d  
recombinant gp120 (10). As additional con- 
firmation we performed imrnunoprccip 
itation expahcnts with goat antibody to 
gp120 (anti-gpl20) coupled to protein A- 
coated Sepharose beads (13). One of three 
such experiments is shown in Fig. 2. Treat- 
ment with preimmune serum did not s@- 
candy alter the ability of gp120 to increase 

Control gp120t gp120t 
gp120 preimmune postimmune 

Fig. 2. 'pitation of a 1 2 0  with uld- 
gpl20 rise in [ca2+]i in retinal 
ganglion cells engemkd by the HlV-1 envelope 
&copruein. Neurons were loaded with fura 2 as 
described in Fig. 1. values in each column re- 
sent the mean., with am tms s a t i n g  & 
for n = 42,4,3, and 5 cells fix columns 1 to 4, 
m e @ .  The solid bar displays the conad 
[Ca2+]i in the abscnce of the gp120 preparations 
represented in the odm three bars. The Ca2+ 
levels shown were obtained 4 min after termina- 
tion of a 3-min puffer application of the gp120 

. Immunoprecipitation was 

analysis demonmating that immunoprecipitation 
with anti-gp120 depletes coat prorein from the 

avidin-biotin system to produce the ncccssary 
sensitivity for deteaion of small amounts of 
gp120. The d t  was a marked decrement in the 
gp120 concentration produced by i m m m  
precipitation (lane 1) compand to that observed 
a h  treatment with preimmune setum (lane 2, 
which contains a 120-kD band repnxnting 
gp120). 
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gp120 application from a pipette that also 
contained normal Ca2+ responded with 
large increases in [Ca2+] (see above). When 
200 pM gp120 was applied for 3 min from a 
puffer pipette containing no added Ca2+ or 
5 mM EGTA to cells ~reviouslv bathed in 
normal Ca2+ medium, ;here was no signifi- 
cant increase in [Ca2+li 4 min later 
([Ca2+li = 0.11 2 0.04 pM). Thus, extra- 
cellular Ca2+ is necessary for gp120 to en- 
hance [Ca2+Ii. External Ca2+ could be im- 
portant in an extracellular mechanism of 
action of gp120, such as binding, or might 
serve as a source for the increased [Ca2+li. 
In an attempt to diminish intracellular Ca2+ 
stores, the cells were treated in a bath con- 
taining no added Ca2+ for 10 to 40 min 
(14). Subsequent ap lication of 200 pM 
gp12O in normal CaP+ to these cells pro- 
duced a small but statistically insignificant 
increase in [Ca2+li (to 0.23 t 0.07 pM) 
(15). This result suggests that intracellular 
stores of Ca2+ contribute to the gp120- 
induced rise in [Ca2+li. 

Since the effect of gp120 was dependent 
on both extracellular and intracellular Ca2+, 
it was possible that an influx of external 
Ca2+ would lead to the further increase by 
mobilization of intracellular stores (1 6). If 
this were true, then Ca2+ entry might be 
ex~ected to occur via Ca2+ channels in 
rehnal ganglion cells. Alternatively, Ca2+ 
channels could also be important for the 
re~lenishment of intrace~uiar ca2+ stores. 
Using the patch-clamp technique, we have 
shown that a major contributor to Ca2+ 
current in these central neurons is a prolonged 

J 
- O 200 pM gp120 
. ' 200 p M  gp120t  
: 100 n M  nimodipine 

Time (min) 

Fig. 3. The dihydropyridine Ca2+ channel antag- 
onist, nimodipine, prevents a sustained increase in 
[Ca2+ I i  after application of gp120. Retinal gan- 
glion cells were loaded with fura 2 as in Fig. 1. 
The viral envelope protein gp120 (200 pM) was 
applied by puffer pipette to neurons previously 
bathed in normal medium or in medium contain- 
ing 100 nM to 1 pM nimodipine for several 
minutes (24). For neurons bathed in normal 
medium (0; n = lo), gp120 produced an in- 
crease in [Ca2+Ii as expected. In contrast, after 
treatment with nimodipine (W; n = l l ) ,  $p120 
did not elicit a significant increase in [Ca2 Ii. 

component of the voltage-dependent Ca2+ 
current, which is sensitive to dhydropyridme 
antagonists such as nimodipine- (1 7): -1n the 
present study when retinal ganglion cells were 
incubated in nimodipine (100 nM), p 1 2 0  no 
longer produced an increase in [Ca +I i  (Fig. 
3). Thus, entry of Ca2+ via dhydropyridme- 
sensitive channels appears to be important for 
the full manifestation of the ~ 1 2 0  effect or - - 
for its maintenance. 

The exact mechanism whereby this viral 
envelope protein produces an increase in 
[Ca2+li in mammalian central neurons is not 
yet known. Whether gp120 is acting 
through a receptor, via a second messenger 
system, directly on Ca2+ channels, or even as 
a. consequent, of neuronal cell injury re- 
mains to be elucidated. In T lymphocytes, 
one report has shown that a natural isolate 
of gp120 increased inositol triphosphate 
(IF'?) and intracellular Ca2+ concentrations 
\ - 3  

(7). Other investigators have been unable to 
confirm this finding with a recombinant 
gp120, similar to that used in our work (1 8). 
The gp120 coat protein binds to CD4, a 
lymphocyte surface protein that is a receptor 
for HIV- 1 (19). However, the predominant 
form of CD4 in the mammalian brain is a 

" .  
Control gpl20t gpl2Ot gplZOt 

gp120 lOnM Nim lOOnMNim SOOM Nim 

Fig. 4. Calcium channel antagonists prevent neu- 
ronal injury afier exposure to gp120. Treated 
cultures received gp120 (20 pA4) with or without 
nimodipine (10 to 500 nA4) at the time of plating. 
Retinal ganglion cell survival was assayed 1 day 
later. The ability of retinal ganglion cells to take 
up and cleave fluorescein from fluorescein diace- 
tate was used as an index of their viability and lack 
of injury as described previously (6). Incubation 
with gp120 resulted in significant neuronal injury 
compared to retinal ganglion cells in sibling con- 
trol cultures. Treatment with 100 to 500 nM 
nimodlpine prevented gpl2O-induced injury. Sta- 
tistical testing with an ANOVA followed by 
Scheffk multiple comparison of means revealed 
the following rank order of results (P < 0.01 for 
each comparison): control = 500 nM nimodipine 
+ gp120 = 100 nM nimodipine + gp120 > 10 
nM nimodlpine + gp120 = gp120. The asterisk 
indicates significant difference from control. Ni- 
fedipine (500 to 1000 nM) exerted a similar 
protective effect (25). Concentrations of the dhy- 
dropyridlne Ca2+ channel antagonists 51 F M  
had no effect on neuronal survival when adrmnis- 
tered by themselves, whereas doses >1 pM were 
detrimental to survival and were therefore less 
useful (25). 

truncated message that is apparently not 
expressed on neurons (19, 20). Along these 
lines, we found in retinal ganglion cells that 
antibody to rat CD4 did not prevent the 
increase in [Ca2+li evoked by gp120 (21). 
This implies that the action of gp120 caus- 
ing an elevation of neuronal [Ca2+li may 
not involve CD4. 

Whatever the mechanism for the marked 
increase in [Ca2+Ii produced by gp120 in 
central neurons, the fact that such a rise has 
been associated with neuronal cell death 
from various causes (5, 6) suggests that 
Ca2+ could be responsible, at least in part, 
for injury in the central nervous system of 
patients afflicted with AIDS. Figure 4 shows 
that Ca2+ channel antagonists. such as 100 " 
nM nimodipine, not only abrogate the in- 
crease in [Ca2+li, but also prevent neuronal 
injury mediated by gp120 in vitro (22). 
Although 100 nM ~lasma levels of nimodi- 
pine c; be obtain& with therapeutic doses 
of the drug, nimodipine is presently ap- 
proved only for the treatment of neurologi- 
cal deficits associated with subarachnoid 
hemorrhage for a period of 21  days (23). 
The therapeutic potential of Ca2+ channel 
antagonists in the treatment of AIDS affect- " 
ing the central nervous system is predicated 
on the premise that these findings in vitro 
reflect the secluence of events in vivo. This 
hypothesis is as yet unproven. Nevertheless, 
based on our data, we suggest that further 
research into this area is warranted. 
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Defective Presentation of Endogenous Antigen by a 
Cell Line Expressing Class I Molecules 

Cytotoxic T lymphocytes (CTLs) recognize class I major histocompatibility complex 
(MHC) molecules associated with antigenic peptides derived from endogenously 
synthesized proteins. Binding to such peptides is a requirement for class I assembly in 
the endoplasmic reticulum (ER). A mutant human cell line, T2, assembles and 
transports to its surface some, but not all, class I MHC molecules. The class I 
molecules expressed on the surface of T2 do not present peptides derived from 
cytosolic antigens, although they can present exogenously added peptides to CTL. The 
transported class I molecules may interact weakly with an unknown retaining factor in 
the ER such that they can assemble despite the relative shortage of peptides. 

T HE P E ~ I D E S  THAT ASSOCIATE WITH the protein does not determine whether the 
class I MHC molecules derive from peptides are presented in this way (2). Class 
viral or other proteins synthesized I MHGassociated peptides can also be de- 

within the antigen-presenting cell (APC) rived from proteins experimentally intro- 
( I ) ,  although the final subcellular location of duced into the APC cytoplasm (3, 4). The 
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peptide-class I comple~ cah be mimicked by 
the exogenous addition of short, synthetic 
peptides to APCs, probably by direct bind- 
ing to MHC molecules at the surface (5) .  

Antigenic peptides probably associate 
with class I molecules in the ER (6). A 
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