
ter the change in head velocity. Figure 
2C shows the same three traces, but now 
with the normal and low-gain traces 
shifted vertically so that the three aver- 
ages are superimposed just before the 
change in head velocity. The initial tra- 
jectory of the response is the same in all 
three gain states, whereas the adaptive 
changes are evident at later times. Figure 
2D shows the early part of the eye veloc- 
ity responses at high magnification. To 
estimate the time at which the high- and 
low-gain averages of eye velocity deviat- 
ed from the normal eye velocity, we 
have measured magnified records like 
those in Fig. 2D. For increases in VOR 
gain, the averaged eye velocity records 
deviated from the normal averages at 
latencies averaging 18.6 msec after the 
onset of the head velocity stimulus (4.4 
msec after the onset of the VOR); for 
decreases the eye velocity deviated from 
normal at latencies averaging 19.9 msec 
[5.7 msec after the onset of the VOR 
(lo)]. Similar results were obtained when 
the VOR was tested with gentler changes 
in head velocity that had exponential 
trajectories and required 100 msec to 
reach a final value. The high- and low- 
gain responses did not deviate from the 
normal averages until 6.5 msec (4.25 and 
8.75 msec in the two monkeys) after the 
onset of the VOR. 

An intriguing feature of Fig. 2 is the 
sequence of inflections in the eye veloci- 
ty records taken when VOR gain was 
low. Similar but smaller inflections occur 
at the same times in the normal and high- 
gain records, but none are apparent in 
the head velocity record. If the inflec- 
tions were a response to  some undetect- 
ed component of the stimulus, we would 
have expected them to be larger when 
VOR galn was higher (11). Therefore, we 
believe that the inflections are a genuine 
part of the response and that they reflect 
the contributions of VOR pathways hav- 
ing different latencies. 

Our data imply that the VOR is driven 
by several parallel pathways having dif- 
ferent latencies and that the site of motor 
learning is in pathways having latencies 
of at least 19 msec, roughly 5 msec 
longer than the pathways with the short- 
est latency. Although it is not yet possi- 
ble to be specific about the anatomical 
site of changes, our data may exclude the 
classical disynaptic reflex arc, which 
would be expected to drive the earliest 
part of the VOR (12). If we assume that 
synaptic delays are on the order of 0.5 
msec, as  is generally found with electri- 
cal stimuli, the 5-msec difference be- 
tween the latency of the VOR and the 
latency of the modifiable pathways 
would allow for a rather large number of 
intervening synapses. However, it may 

take much longer for presynaptic activity 
resulting from natural stimuli to  affect 
the firing of a postsynaptic cell. For  
example, Purkinje cells in the flocculus 
of the cerebellum receive di- or trisynap- 
tic inputs from the vestibular nerve, but 
respond to sudden changes in head ve- 
locity with latencies 10 msec longer than 
was seen in vestibular primary afferents 
(13). Thus, the modifiable pathways may 
contain as few as one or two extra synap- 
ses (14). Definitive interpretation of our 
data, however, must await neurophys- 
iological studies using the same rapid 
changes in head velocity used here. 

S .  G .  LISBERGER 
Department of Physiology 
and Division of Neurobiology, 
University of California School of 
Medicine, Sun Francisco 94143 
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Phencyclidine-Induced Immunodepression 

Abstract. Phencyclidine ("PCP" or "angel dust") and some of its derivatives are 
psychotomimetic drugs that have been used in general anesthesia for some time. 
This drug blocks potassium ion channels in brain tissue, and there is a specific PCP 
binding to lymphocytes. In a study of the effects of this drug on immunocyte 
function, it was found that humoral and cellular immune responses in vitro were 
depressed when immunocytes were treated with PCP before biological assay. This 
jnding has implications for PCP abuse and also for the use of its derivative in 
general anesthesia, where it may contribute to postoperative infection. 

Phencyclidine ("PCP" or  "angel 
dust") is a psychotomimetic drug that is 
abused in epidemic proportions in many 
areas (1, 2). The schizophrenia-like syn- 
drome that sometimes occurs with PCP 
abuse (3) or that is seen as a hallucino- 
genic reaction to general anesthesia (4) 
has stimulated a search for the mecha- 
nisms producing these adverse effects 
( 5 4 ) .  Although the neuropharmacologi- 
cal effects of PCP have received atten- 
tion, the effects of PCP on the immune 
system have not been studied. We have 

found that PCP acts as an immuno- 
depressant, at least in the immunological 
parameters studied in vitro. This finding 
is important for restoring the mental 
health of the PCP abuser as well as in 
situations in which PCP derivatives like 
ketamine are used for general anesthesia 
during surgery (9). 

Our investigation of the effects of PCP 
on the immune system was based on the 
hypothesis that some forms of schizo- 
phrenia could be considered an autoim- 
mune disease of the central nervous sys- 



tem and that autoimmune reactions 
could contribute to  the neuropathology 
of the disease (10-12). Thus, PCP can 
indeed interact with the immune system 
in that PCP preferentially binds to cer- 
tain lymphocyte subpopulations-B cells 
have twice as many PCP receptors as T- 
helper cells, and T-suppressor cells have 
one-eighth as many PCP receptors as  T- 

Table 1. Effects of PCP on lymphocyte DNA 
synthesis. Peripheral blood lymphocytes were 
separated by Ficoll-Hypaque centrifugation. 
Cells forming E rosettes (T cells) were sepa- 
rated as described (21). OKT-4- and OKT-8- 
enriched populations were prepared by lysis 
with OKT-4 and OKT-8, respectively (22). 
Positive selection was performed by the pan- 
ning method (23), with the use of correspond- 
ing monoclonal antibodies. DNA synthesis 
was evaluated by [3H]thymidine incorpo- 
ration by 3-day cultures (24) in the presence 
(+) and absence (-) of PCP. 

PCP 
treatment 

[3H]Thymidine 
incorporated 

(cpm1lO6 cells) 

T-8 cel l  
+ 1246 -+ 531 
- 4764 i 176 

T-4 cel l  
t 676 i 215 
- 2141 i. 837 

B cel l  
+ 507 i. 133 
- 1403 t 451 

Table 2. Effects of PCP on lymphocyte 2- 
deoxyglucose uptake. A cell suspension (100 
kI) in complete RPMI [buffered with NaHCO, 
and supplemented with L-glutamine (2 mM1 
ml), penicillin (100 Ulml), streptomycin (100 
kglml), and 5 percent fetal calf serum] was 
placed in each well of a microtiter plate. 
Phencyclidine was added to each well at the 
final concentration of lO-?M (predetermined). 
The plate was then incubated in 5 percent CO, 
at 37°C for 18 hours. At the end of the 
incubation period, cells were washed three 
times with glucose-free Hanks balanced salt 
solution (HBSS) and incubated for another 15 
minutes in the same buffer. The cells were 
then centrifuged for 5 minutes at 300g. The 
supernatant was discarded, and 50 kl of glu- 
cose-free HBSS containing 5 kCi of [3H]de- 
oxyglucose with a specific activity of 40 Cil 
mmol was added to each well. After 90 sec- 
onds of incubation, the cells were harvested 
with a semiautomatic cell harvester, and ra- 
dioactivity was measured with a liquid scintil- 
lation counter. 

PCP 
treatment 

[3H]Deoxyglucose 
uptake 

(cpm1lO6 cells) 

T-8 cel l  
+ 932 t 131 
- 1684 t 833 

T-4 cel l  
+ 1416 i 351 
- 3135 + 920 

B cell 
+ 1149 -+ 651 
- 3278 i. 621 

helper cells (13). Since PCP blocks K' 
channels in central nervous tissue (14, 
15), and the functional integrity of these 
same channels is essential in lymphocyte 
activation by mitogens (16), it is not 
surprising that PCP inhibited lympho- 
cyte DNA synthesis. However, quite 
unexpectedly the magnitude of inhibition 
for all three lymphocyte subpopulations 
(T-helper, T-suppressor, and B cells) 
was comparable (Table 1). This suggests 
that there is no strong correlation be- 
tween PCP receptor numbers and the 
DNA synthesis inhibitory activity of this 
compound, for which the explanation 
may be the substantial heterogeneity of 
PCP receptors as reflected in the number 
of entities that bind PCP. These PCP- 
binding materials include the well-known 
opiate sigma membrane receptor (8) as 
well as the alpha and delta subunits of 
the acetylcholine receptor, the high- and 
low-affinity binding sites within the syn- 
aptosomal complex, a 95-kilodalton syn- 
aptosome protein involved in K f  chan- 
neling, and a 43-kilodalton protein in the 
synaptosome of unknown function (10- 
12). Binding of PCP to one or more of 
these "receptors" may be instrumental 
in initiating an antireceptor process. 

Cell glucose metabolism and respira- 
tory burst can be studied via [3H]deoxy- 
glucose uptake (17), an event which also 
correlates directly with immunologic ac- 
tivation (18). In this system, a significant 
reduction of deoxyglucose uptake was 
observed when lymphocytes were treat- 
ed with PCP. The degree of reduction for 
T-suppressor cells was less than that for 
B cells or T-helper cells (Table 2). 

Treatment of T cells, B cells, or mono- 
cytes with PCP before culture in vitro for 
antibody synthesis resulted in a variable 
reduction of immunoglobulin (Ig) synthe- 
sis (Table 3). In these experiments, PCP 
treatment of monocytes had minimal ef- 
fects on either IgG or IgM synthesis, 
whereas treatment of either T cells or 
B cells resulted in severe inhibition. 
Whether such inhibition resulted from 
the ability of PCP to block the membrane 
sigma receptor Ki channels (or one of 
the other PCP-binding entities) or from 
undefined inhibitory effects on prolifera- 
tion or maturation of the T or B cells has 
yet to  be determined. 

The necessity of interleukin-1 (IL-1) 
for the culmination of either humoral or 
cellular immune responses is well estab- 
lished (19). Interleukin-1 is produced by 
cells of the monocyte-macrophage lin- 
eage and is reported to  act on B cells that 
are 16 to 20 hours into the G I  phase of 
the cell cycle; this interaction promotes 
the passage of the B cell into the S (DNA 
synthetic) phase (20). We studied effects 
of PCP on the production of the IL-1 

cytokine by monocytes. Our results indi- 
cate that PCP treatment reduced mono- 
cyte IL-1 production by 50 percent. 

Although our observations show that 
PCP can induce immune depression in 
vitro, the mechanisms by which these 
inhibitory effects are exerted and their 
consequences on PCP abuse in vivo re- 
quire further experimentation. However, 
in only a small percentage of PCP users 
d o  psychotic episodes progress to chron- 
ic schizophrenia. It is possible that long- 

Table 3. Effects of PCP on immunoglobulin 
synthesis in vitro. After one of the lympho- 
cyte subpopulations was treated overnight 
with PCP (final concentration, 10-5M), cells 
were mixed together in a 3 : 1 ratio of T cells to 
B cells, plus 5 percent monocytes; the cell 
mixture (2 x 10' cells) in complete RPMI 
containing pokeweed mitogen (1 : 50) was 
placed in each well of a 24-well microtiter 
plate and incubated at 37'C in 5 percent C 0 2  
for 8 days. Cultures were supplemented daily 
with 80 k1 of nutritional cocktail (25).  The 
culture supernatants were recovered at the 
end of the incubation period and assayed for 
total IgG and IgM by enzyme-linked immuno- 
sorbent assay (26). 

Immunoglobulin 
Cells treated (nglml per lo6 cells) 

with PCP 
IgM IgG 

T cells 537 + 187 859 i. 362 
B cells 281 i. 105 453 i. 237 
Monocytes 989 i 473 1963 i 1137 
None 1353 i. 615 2043 t 1011 

Table 4. Effects of PCP on monocyte IL-1 
production. Three milliliters of a peripheral 
blood lymphocyte suspension (5 X 10%ells 
per milliliter) in complete RPMI was placed in 
each well of a six-well microtiter plate and 
incubated at 37'C in 5 percent C 0 2  for 1 hour. 
Cells were then washed gently three times 
with warm medium to remove nonadherent 
cells. To the wells was added 3 ml of complete 
RPMI supplemented with 1 percent fetal calf 
serum containing lipopolysaccharide (25 kg1 
ml). Phencyclidine was added to the final 
concentration of lO-?M at time zero. The 
adherent cells were then cultured for an addi- 
tional 24 hours. The supernatants were then 
collected, centrifuged to remove any cells, 
dialyzed against plain RPMI, and filter-steril- 
ized. The IL-1 activity of the supernatants 
was assayed with augmentation of the thymo- 
cyte proliferative response to phytohemagglu- 
tinin (19); la,2p represent 1-acetamide-2-pyr- 
rolidone. 

IL-1 (units per milliliter of culture 
supernatant) 

No PCP PCP + la,2p 
treatment treatment treatment 



term PCP psychosis develops in immu- 
nodepressed and genetically predisposed 
individuals who encounter a neuro- 
tropic virus during the immunodepressed 
phase. 
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Intragastric Self-Infusion of Ethanol by 
Ethanol-Preferring and -Nonpreferring Lines of Rats 

Abstract. An ethanol-preferring line of rats, developed by selective breeding, 
consumed as much as 9.4 t 1.7 grams of ethanol per kilogram of body weight per 
day through intrasgastric self-infusions, yielding blood ethanol concentrations of 92 
to 415 milligrams per 100 milliliters. By contrast, the ethanol-nonpreferring line self- 
administered only 0.7 * 0.2 gram per kilogram per day. These findings indicate that 
the reinforcing effect of ethanol is postabsorptive and is not mediated by the drug's 
smell or taste. Hence the ethanol-preferring line of rats may be a suitable animal 
model of alcoholism. 

Whereas most rats do not ingest signif- 
icant quantities o f  ethanol when ethanol 
(10 percent by volume in water), water, 
and food are concurrently available, 1 to 
3 percent o f  the population in some colo- 
nies o f  Wistar rats voluntarily consume 6 
to 8 g o f  ethanol per kilogram of  body 
weight per day or more ( 1 ) .  By selective- 
ly breeding individuals from such colo- 
nies, we developed ethanol-preferring 
(P) and ethanol-nonpreferring (NP) lines 
o f  rats in our laboratory (2, 3).  Studies of  
P rats have shown that this line meets 
almost all the perceived requirements o f  
an animal model o f  alcoholism (4).  First, 
P rats voluntarily drink large quantities 
o f  10 percent ethanol to produce pharma- 
cologically significant blood ethanol con- 
centrations; values as high as 105 mg per 
100 ml have been measured (1, 5).  Sec- 
ond, P rats work through operant re- 
sponding to obtain ethanol, even when 
food and water are freely available (6).  
Third, when given the opportunity to 
drink ethanol over long periods, P rats 
develop physical dependence (7) .  Stud- 
ies have also shown that P rats develop 
tolerance to ethanol's depressant effect 
more rapidly than do NP rats (8,  9) ,  that 
P but not NP rats exhibit an excitatory 
response to low doses o f  ethanol ( l o ) ,  
and that P rats differ from NP animals in 
the steady-state concentration of  certain 
monoamines in several brain regions 
( 1 1 ) .  

A critical requirement o f  an animal 

I Ethanol D HoO - 
10% 20% 30% 40% 

- ethanol ethanol ethanol ethanol 

Fig. 1. Volumes of fluids infused by P and NP 
rats with free-choice drinking of two flavored 
water solutions paired with intragastric deliv- 
ery of equal volumes of ethanol o r  water. 
Total daily fluid intake is twice that infused. 

model o f  alcoholism (4) is that the posi- 
tive reinforcing feature o f  ethanol should 
stem from the postabsorptive, pharma- 
cological actions o f  ethanol rather than 
from its taste or smell. W e  reported 
earlier ( 2 )  that some P rats, trained to 
bar-press for 10 percent ethanol in a 
dipper, self-administered ethanol intra- 
venously when the ethanol in the dipper 
was replaced with water. Because the 
total amount o f  ethanol self-administered 
was small and the phenomenon could not 
be observed in every P rat, involvement 
o f  the taste or smell o f  ethanol as a 
positive reinforcer could not be ruled 
out. W e  now report the results o f  studies 
o f  intragastric self-administration of  eth- 
anol by the P and NP lines. It appears 
that the positive reinforcing effect o f  
ethanol in P rats and its absence in NP 
rats is mediated principally, i f  not entire- 
ly,  by ethanol's postabsorptive effects. 

Male P and N P  rats o f  the S-21 genera- 
tion, weighing 310 to 475 g ,  were individ- 
ually housed in a temperature- and hu- 
midity-controlled environment with a 12- 
hour light-dark cycle. All animals had 
been tested for ethanol preference at 
puberty (12) and had been ethanol-free 
for at least 1 month before surgery. The 
oral intakes o f  ethanol by the P and NP 
rats were 6.5 t 0.4 and 0.4 ? 0.6 gikg 
per day, respectively. Standard lab- 
oratory feed (Wayne Lab-Blox; Allied 
Mills) was freely available before and 
during the experiment. Access to water 
and ethanol during training and the ex- 
periment is described below. 

The animals were surgically implanted 
with a transesophageal catheter (13) for 
the intragastric delivery of  fluids. The 
catheter was held in place with a harness 
and swivel assembly that allowed the rat 
to move freely in the cage (14). During 
the 5- to 7-day postoperative period wa- 
ter was freely available. The rats were 
then trained in an apparatus (15, 16) to 
associate drinking of  an aqueous solution 
o f  one o f  two neutral flavors (almond or 
banana, 0.5 percent by volume; Durkee 
Foods) from a U-shaped tube with intra- 
gastric infusion o f  an equal volume o f  
water and ethanol (20 percent by vol- 
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