
pamil (14) at a concentration of 100 mglkg 
per day [a dose that lowered arterial pressure 
by 29 +- 3 mmHg (mean +- SEM, n = lo) ]  
by gavage from 6 days before to 14 days 
after balloon injury. At this dose no effect on 
myointimal proliferation was seen in the 
verapamil-treated rats [the cross-sectional 
area of neointima expressed as a percentage 
ofmedia being 129 * 18% (n = 6) in treat- 
ed rats compared to 127 ? 13% (n = 10) in 
placebo-treated controls]. 

The present observations, taken together 
with data showing CE activity (5), angioten- 
sinogen mRNA (15), and M I  receptors in 
the vascular wall (6), support the hypothesis 
that there is a local angiotensin system that 
has a role in the myointimal proliferative 
response of the vascular wall to injury. 

The processes that lead to formation of 
the neointima are complex and poorly un- 
derstood, but initially quiescent SMCs must 
be activated either directly by injury or 
indirectly by factors released early during 
the response, such as interferon-y from lym- 
phocytes (16) or platelet-derived growth 
factor (PDGF) (1, 17). Blocking the activa- 
tion of SMCs, however, is unlikely to be the 
principal mechanism for the suppression of 
neointima formation, as administration of 
cilazapril only during the initial phase of the 
vascular response was ineffective. 

It is probable that CE inhibitors suppress 
the vascular response to injury by interrupt- 
ing the conversion of angiotensin I (AI) to 
the active AII, and thus preventing modula- 
tion of SMC proliferation and matrix pro- 
tein synthesis by AII. Inhibition of CE also 
increases bradykinin levels, since CE is one 
of the enzymes that metabolize bradykinin 
(4). Although unlikely, the possibility that 
bradykinin mediates the suppression of the 
vascular response to injury cannot be exclud- 
ed. Bradykinin, however, is a mitogenic 
agent (18), and therefore it might be expect- 
ed that increased bradykinin concentrations 
would augment the proliferative response. 
The observation that the mas proto-onco- 
gene product is an angiotensin receptor with 
mitogenic activity (19) raises the possibility 
that the proliferative response to vascular 
injury is mediated through these receptors 
on SMCs and requires continued stimula- 
tion by AII. 

It has been reported that A11 neither 
stimulated the proliferation of cultured rat 
aortic SMCs nor augmented cell prolifera- 
tion induced by PDGF (20). However, A11 
did increase SMC protein content by 20% 
after 4 days, and this effect was blocked by 
saralasin, an antagonist of AII. In contrast, 
others have found that A11 stimulated the 
proliferation of human vascular SMCs cul- 
tured in serum-depleted medium (21). It is 
possible that A11 is effective only when 

added at specific phases of the cell cycle, as 
has been shown for the AII-augmented pro- 
liferation of NIH 3T3 cells stimulated by 
epidermal growth factor (22). 

Infusion of heparin suppresses neointima 
formation in the rat balloon model used for 
our study (23). The heparin administration 
must be started by 24 hours after injury and 
is equally effective whether administered 
continuously for 21 days or for 3 days (10). 
However, in contrast to our results with CE 
inhibitors, the maximal suppression of 
neointima formation achieved with heparin 
has been generally about 50% (23). It re- 
mains to be tested whether CE inhibition 
can act synergistically with heparin to pre- 
vent the proliferative response. 
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The Periaqueductal Gray Matter Mediates Opiate- 
Induced Immunosuppression 

The periaqueductal gray matter of the mesencephalon (PAG) subserves a variety of 
diverse autonomic functions and also avvears to be a site for oviate action in the 

L 

induction of immunosuppression. Microinjections of morphine into the PAG, but not 
into other opiate receptor-containing neuroanatomical sites, result in a rapid suppres- 
sion of natural killer (NK) cell activity. The NK cell suppression can be blocked by 
prior peripheral administration of the opiate antagonist naltrexone. These findings 
demonstrate that certain central actions of opiates that produce changes in NK cell 
h c t i o n  are mediated through opiate receptors in the PAG and identify a brain region 
involved in opiate replation of -immune function. 

PIATES EXERT PROFOUND EFFECTS 
on immune function in vivo (1). 
Opiate addicts have increased sus- 

ceptibility to infections ( Z ) ,  an effect related 
to deficits in immune function (3). Certain 
opiate agonists suppress antibody produc- 
tion (4), produce changes in the ability of 
leukocytes to respond to mitogenic stimuli 
(5) ,  and decrease cytotoxic activity of natural 
killer (NK) cells (6). These immunosuppres- 
sive effects of opiates result in decreased 
survival in tumor-bearing animals (7)  and 
increased susceptibility to bacterial and fun- 
gal infections (8) as well as to murine retro- 

viral infections (9). Some in vivo effects of 
opiates on immune hnction are mediated 
indirectly through the central nervous sys- 
tem (CNS). For example, Shavit et al.  (10) 
have shown that injections of morphine into 
the lateral cerebral ventricle suppress NK 
cell activity in rats. Conversely, peripheral 
administration of N-methyl morphine, 
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which does not cross the blood brain barri- 
er, had no effect on NK activity in the same 
study. Although it appears that opiate ago- 
nists can act in the CNS to produce effects 
on immune function, the precise site of 
action is not known. We show here that 
microinjections of morphine into the peri- 
aqueductal gray matter (PAG), but not into 
other opiate receptor-containing neuroana- 

tomical sites, result in rapid suppression of 
NK cell activity, which can be blocked by 
prior peripheral administration of naltrex- 
one. 

Male Fisher 344N rats (300 to 350 g) 
were implanted under chloral hydrate anes- 
thesia with bilateral cannula guides con- 
structed from 23-gauge stainless steel tub- 
ing. These guides were directed at regions 

Fig. 2. Relative NK cell activity after central 
microiniection of morohine. Male Fisher 344N 

I 2 O 1  

Fig. 1. Naltrexone blocks morphine suppression 70 
of NK cell activity. NK cell activity of splenocytes 

60 
was determined in rats receiving the following 
treatments: PAG morphine (6.6 nmol in 1 pl of ;; 50 
saline) plus saline intraperitoneal (0); PAG mor- 'G 
phine (same dose) plus naltrexone (10 mgikg) 5 40 
intraperitoneal (e); PAG saline (1  p1) plus intra- 30 

rats weie anesthetized Gith a single subcutaneous 
injection of chloral hydrate (700 mgikg) and 
implanted stereotactically with cannula guides 
constructed from 23-gauge stainless steel tubing. 
One week after surgery rats received injections 
aimed at the indicated structures (anterior hypo- 
thalamus, HYP; arcuate nucleus, ARC; medial 
amygdala, AMG; medial thalamus, MTH; dorsal 
hippocampus, HIP; and the PAG. A seventh 
group of animals served as an unanesthetized, 
noncannulated, uninjected control group (CON) 
to which the other six groups were compared. In a 
separate experiment, animals injected subcutane- 
ously with chloral hydrate 7 days before determi- 

- 

- 
. 

- 
- 

1 
- 

CON HYP ARC AMG MTH HIP PAG 
Site of morphine injection 

peritoneal saline (W). The intraperitoneal injec- 
tions were always made 5 min before PAG micro- 20 

nation of splenic NK cell activity &d not differ significantly from unanesthetized controls (mean 
2 SEM: 54.5 + 3.1 versus 55.3 f 3.8; n = 4; t = 0.258; P > 0.05). Injections (6.6nmolofmorphine 
sulfate in 1 pl of saline) were made at the rate of 1 p1 per 30 s through 30-gauge injectors that protruded 
2.0 mm below the cannula guide tips. Three hours after administration of morphine sulfate the rats 
were decapitated; the brains were rapidly removed and prepared for subsequent histological examina- 
tion, according to standard histological procedures to ascertain cannulae placement. All rats included in 
the study had injection sites in the appropriate structures. Spleens were removed and processed for 
measurement of NK cell activity, and the specific lysis (in percent) was calculated as described in the 
legend to Fig. 1. Data from four separate experiments were pooled, and relative NK cell activity at 
effectoritarget ratios of 200 to 1 is shown. Relative NK activity for each animal was determined in the 
following manner. Relative NK activity equals the specific lysis for each animal in a replication divided 
by the mean control group specific lysis for that replication multiplied by 100. Mean control group 
specific lysis was 58.1 with a range of 38.1 to 75.1. A one-way analysis of variance revealed a significant 
difference among the various treatment means [F(6,69) = 21.2; P < 0.0011. A Newman-Keuls test for 
critical differences among treatment means revealed that rats injected with morphine sulfate into the 
PAG were significantly different (P < 0.01) from all other treatment groups including the control. 

injections. Three hours after the injections, 
spleens were surgically excised, mechanically dis- 10 

2 mm dorsal to the anterior hypothalamus 
[anterior-posterior (AP) 7.2, medial-lateral 
(ML) k0.8, dorsal-ventral (DV) +2.7], ar- 

- 

cuate nucleus-ventromedial hypothalamus 
(AP 5.7, ML k0.5, DV +2.2), medial 
thalamus (AP 5.7, ML k1.0, DV +5.8), 
medial amygdala (AP 6.2, ML k3.5, DV 
+2.7), dorsal hippocampus (AP 5.7, ML 
'-2.0, DV +8.0), or the PAG (AP 1.2, ML 
k0.5. DV +6.0). All coordinates are ex- 

sociated into single-cell suspensions, and separat- o - 
ed on Ficoll-Hypaque density gradients (LSM, 6:l 25:l 10O:i 200:1 400:l 
Litton Bionetics, Kensington, Maryland). Splenic Effectoritarget cell ratio 

leukocytes were washed twice and suspended in 
RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum, 2 rnM L-glutamine, penicillin 
(50 Uiml), and streptomycin (50 pgiml). NK cell activity was assessed in a standard 4-hour chromium 
release assay with YAC-1, a murine lymphoma cell line as targets. YAC-1 cells were added to microtiter 
plates containing spleen cells at various concentrations to give effectoritarget ratios ranging from 400 : 1 
to 6 :  1. Maximal release of 51Cr was determined by incubating targets with 0.1N HCI. Spontaneous 
release was determined as the amount of radioactivity released in the presence of media alone and 
averaged 18% of the total amount released in the presence of 0.1N HCI. Data shown are the 
means -+ SEM, n = 5 in each group. The percentage of specific lysis was calculated as follows: 
(experimental release - spontaneous release)i(maximal release - spontaneous release) x 100. A 
repeated measures analysis of variance revealed a significant treatment effect [F(2,12) = 27.7; 
P < 0.00011 as well as a significant effect due to different effectoritarget cell ratios, as expected 
[F(4,48) = 498.7; P < 0.00011. The group that received PAG morphine sulfate plus intraperitoneal 
saline was significantly different from the group that had been injected with PAG morphine sulfate plus 
intraperitoneal naltrexone and from the group that had been injected with PAG saline plus intraperito- 
neal saline (Newmann-Keuls multiple comparisons procedure, P < 0.01). 

pressed as millimeters from interaural zero. 
One week after recovery from surgery the 
animals were iniected bilaterallv with mor- 
phine sulfate in pyrogen-free saline. Splenic 
NK cell activity was determined as described 
(Fig. 1). 

Animals given morphine injections into 
the hypothalamus, arcuate nucleus, medial 
amygdala, medial thalamus, and dorsal hip- 
poc&pus exhibited no effect on NK cell 
activity as compared to uninjected animals 
without cannulae, the most rigorous control 
group. Animals given morphine injections 
into the PAG, however, exhibited a dramat- 
ic suppression of NK cell activity as com- 
pared to control animals (Fig. 2). The effect 
is pharmacologically specific and mediated 
through an interaction of morphine with 
opiate receptors in the PAG, because the 
suppression of NK cell activity was blocked 
by prior intraperitoneal injection of the spe- 
cific opiate antagonist naltrexone (10 mg 
per kilogram of body weight). Saline was 
administered into the PAG as a control for 
nonspecific mechanical stimulation of this 
brain region (Fig. 2). Naltrexone alone had 
no effect on NK cell activity. These findings 
suggest that certain central actions of opiates 
can induce changes in NK cell function, and 
these effects are mediated at least in part 
through opiate receptors in the PAG. 

Although the PAG appears to be a major 
neural focus for the action of exogenous 
opiates in regulating immune function, it 
may also be that endogenous opiate action 
in this brain region is related to the ability of 
some forms of  stress to alter immune hnc-  
tion through opiate-dependent mechanisms. 
Opiate receptors and endogenous opiate 
peptides are present in the PAG, and endog- 
enous opiates are released in the PAG dur- 
ing foot-shock stress (1 1). In addition, the 
PAG appears to be one of the primary sites 
of action of opiates in eliciting analgesia 
(12). Shavit et al .  have demonstrated that 
certain forms offoot-shock stress in rats that 
produce an opiate-dependent analgesia (13) 
also suppress splenic NK cell activity and 
that both effects can be blocked bv naltrex- 
one. Stimuli associated with foot-shock 
stress may affect the PAG, possibly through 
spinoreticular pain pathways, and enhance 
the activity of endogenous opioid-contain- 
ing neurons in this structure, resulting in 
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analgesic activity as well as suppression of 
immune function. The PAG has been impli- 
cated indirectly in modulating certain as- 
pects of immune function. Electrical stirnu- 
lation of this region enhances metastatic 
tumor growth (14), presumably through 
alterations in immune function, particularly 
in NK cell activity. Indeed, electrical stimu- 
lation of the PAG produces an opiate-medi- 
ated analgesia in a variety of species includ- 
ing humans (15). Therefore, it is likely that 
this region of the brain may be critically 
involved in the regulation of immune effec- 
tor h c t i o n s  that are important in resistance 
to neoplasms and infectious diseases and 
that are controlled, at least in part, by endor- 
phinergic circuitry. 

The precise neural mechanisms underly- 
ing the ability of opiate action in the PAG to 
alter NK cell activity are not entirely clear. 
Signals from the CNS to the immune system 
are relayed primarily through the hypotha- 
lamic-pituitary-adrenal axis (HPA) or via 
sympathetic innervation of lymphoid or- 
gans. Thus, opiate action in the PAG could 
be translated into activation of the HPA axis 
through hypothalamic efferents (16), or en- 
hanced opiate activity in the PAG could 
cause increases in peripheral sympathetic 
output, either of which could have an effect 
on NK cell activity (17). 
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Effect of Serotonergic Merents on Quantal Release at 
Central Inhibitory synapses 

Although most examples of modulation of synaptic transmission have been obtained 
from excitatory rather than from inhibitory connections, serotonin (5HT) is now 
shown to cause a presynaptic facilitation of release of the inhibitory neurotransmitter 
glycine. Brief local injections of this amine, or application of a 5HT uptake blocker, 
produce a long-lasting enhancement of both spontaneous and evoked inhibitory 
currents in the teleost Mauthner cell. Quantal analysis showed that the probability of 
release is increased. Focal recording indicated that 5HT acts directly on the inhibitory 
terminals, possibly reducing potassium conductances. Double staining with specific 
antibodies demonstrated a morphological substrate for this effect. Nerve endings that 
contain 5HT contact inhibitory terminals directly apposed to postsynaptic glycine 
receptors. 

ODUJATION OF TRANSMITTER RE- 
lease has been proposed as a key 

. cellular mechanism for various 
forms of plasticity at excitatory synapses (1, 
2). In contrast, although inhibitory net- 
works do participate in long-lasting behav- 
ioral changes (3), studies of their presynap- 
tic regulation are scarce and mainly involve 
peripheral systems (4, 5 ) .  To examine this 
question in a vertebrate brain, we chose the 
teleost Mauthner (M) cell, the command 
neuron of the escape reflex. The excitabilitv 
of this cell is cont;olled by inhibitory affei- 
ents characterized morphologically (6, 7) 
and electrophysiologically (8-1 1). A quanta1 
description of the spontaneous noise that 
these afferents produce permits straightfor- 
ward access to their release parameters (12). 
We used this property to demonstrate that 
the inhibitory synapses receive presynaptic 
contacts that contain serotonin (5HT) and 
facilitate the release of glycine. 

Experiments were conducted on curarized 
goldfish (Carassius auratus) anesthetized with 
3-aminobenzoic acid ethyl ester (MS-222, 
Sandoz). Chloride-dependent inhibitory 
postsynaptic currents (IPSCs), produced by 
activity in two groups (10) of glycine-con- 
taining interneurons (Fig. lA), were record- 
ed at resting potential. Potassium acetate- 
or ~otassium chloride-filled microelectrodes 

I 

(1.5 to 3 megohms) were used for single- 
electrode voltage-clamp recording (Axo- 
clamp, Axon Instruments, Burlingame, Cali- 
fornia; sampling frequency, 18 to 25 kHz). 
Serotonin (2 to 10 rnM, in a solution of 
130 mM NaCl and 10 mM Hepes) was ap- 
plied by pressure-pulses (30-ms duration) 
through a second microelectrode positioned 
10 to 20 pm above the M cell and close to 
the recording site. As in other neurons (13), 
5HT increased the inward rectification in 

Evoked IPSCs were increased by 5HT. In 
an initial series of 14 experiments, it en- 
hanced the collateral (Fig. 1B) and commis- 
sural (Fig. 1C) IPSCs by 136 ? 34% 
(n = 14) and 175 2 77% (n = 4; that is, in 
all cases, when tested), respectively, because 
of an increase of glycine-activated conduc- 
tances (Fig. lB, inset). 

In each experiment, the enhanced trans- 
mission was accompanied by an increase in 
inhibitory synaptic noise (Fig. 2A1), which 
dominates in the M cell (14). This augmen- 
tation started 2 to 5 min after a single 5HT 
application and generally persisted for at 
least 25 to 30 min. Its comuosition was 
systematically analyzed by comparing the 
amplitudes of individual components consti- 
tuting noise on continuous recordings, ac- 
cording to a method (12) that distinguishes 
closely spaced overlapping events (Fig. 
2A2). This analysis showed that 5HT did 
not alter the size of individual quanta, but 
that it increased the number of large re- 
sponses that represent integral multiples of 
these basic units and that are uroduced. as 
are the evoked responses, by spike activities 
in presynaptic fibers (12) (Fig. 2, B1 and 
B2). Because the total number of responses 
was essentially the same in identical sam- 
pling periods (120 s in the illustrated case), 
these data indicate that 5HT increases the 
probability of release at the presynaptic ter- 
minal inhibitory active zones (11) close to 
the pipette. 

TWO sets of evidence demonstrate that 
endogenous 5HT acts in the same manner. 
First, topical application of 20 p,M imipra- 
mine, which blocks 5HT uptake. induced 

1 ,  

similar effects on the collateral and sponta- 
neous IPSCs within 7 to 10 min, in seven 

the M cell (148% -t- 34%, mean k SD, Laboratoire de Neurobiologie Cellulaire, I N S E R M  

= 20). once this occurred, the pipette was U261, DCpartement des Biotechnologies, Instimt Pas- 
teur, 25 Rue d u  Dr. Roux,  75724 Paris Cedex 15, 

withdrawn to avoid leakage of the mine .  France. 
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