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Stimulation of Human Periaqueductal Gray for Pain Relief 

Increases Immunoreactive /3-Endorphin in Ventricular Fluid 

Abstract. Immunoreactive P-endorphin was measured in the ventricularfluid of six 
patients with chronic pain. Stimulation of the periaqueductal gray matter in three 
patients with pain of peripheral origin resulted in significant increases (50 to 300 
percent) in the concentration of ventricular immunoreactive f3-endorphin. In three 
other patients suffering deafferentation dysesthesia, stimulation of the posterior limb 
of the internal capsule did not alter the concentration of this peptide. These results 
provide evidence of the release of human immunoreactive f/-endorphin in vivo and 
suggest that naloxone-reversible pain relief achieved by stimulation of the peri- 
aqueductal gray matter may be in part mediated by the activation of f/-endorphin- 
rich diencephalic areas. 
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Since the initial report by Reynolds (1) 
of analgesia being produced in the rat by 
stimulation of the periaqueductal gray 
matter, several workers have demon- 
strated the potent analgesic effects pro- 
duced by electrical stimulation of dis- 
crete areas of the medial diencephalon 
and brainstem in the cat (2), monkey (3), 
and rat (4). Hosobuchi et al. (5) and 
Richardson and Akil (6) have reported 
that intractable clinical pain states in hu- 
mans, in addition to normal pain per- 
ception, can be blocked by electrical 
stimulation of the periaqueductal and 
periventricular gray matter. This pain re- 
lief can be totally reversed by the specif- 
ic opiate antagonist naloxone (5, 7). 

Intraventricular administration of hu- 
man 3-endorphin in humans produces a 
prolonged state of analgesia (8). The cur- 
rent study was undertaken to determine 
whether the analgesia produced by stim- 
ulation of the periaqueductal gray matter 
would be accompanied by increases in 
the /3-endorphin concentrations in ven- 
tricular cerebrospinal fluid (CSF). 

The specificity of the effect of stimu- 
lating the periaqueductal gray matter for 
the endorphin system was also investi- 
gated. For this purpose we selected two 
groups of patients: group 1, suffering 
from deafferentation pain; and group 2, 
whose pain relief is known to be ob- 
tained by stimulation of the periaq- 
ueductal gray matter or by opiates. 
In group 1, pain relief is obtained nei- 
ther by opiates nor by periaqueductal 
gray matter stimulation, but it can be ob- 
tained by electrical stimulation of the in- 
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teral capsule (9). Therefore, should our 
working hypothesis linking stimulation 
of periaqueductal gray matter with the 
endorphin system be correct, treatment 
of deafferentation pain by internal cap- 
sule stimulation should not affect /-en- 
dorphin concentrations in ventricular 
fluid. 

Ventricular fluid was collected from 
six patients undergoing stereotactic im- 
plantation of brain electrodes for pain 
control (Table 1). The three patients in 
group 1, suffering from deafferentation 
pain, received electrode implantation in 
the posterior limb of the internal capsule 
contralateral to their pain (patients A, B, 
and C). The patients in group 2, with 
pain of peripheral origin, and received 
bilateral implantations of electrodes in 
the rostral portion of the periaqueductal 
gray matter (patients D, E, and F). A 
Leksell stereotactic frame was used on 
all six patients and the stereotactic 
coordinates were selected and calculated 
on the basis of Schaltenbrand and Bai- 
ley's human stereotactic atlas (10). 
Coordinates for the posterior limb of the 
internal capsule were: anteroposterior 
axis at the line intercepting the anterior 
and posterior commissure; and ventro- 
dorsal axis 1 mm below the intercom- 
missural line and 15 to 20 mm lateral 
from the midline of the brain, depending 
on the portion of the body for which re- 
lief of pain is sought, the upper limb 
being more medial than the lower limb in 
the "homuncular" representation of the 
internal capsule. For periaqueductal im- 
plantation, the area coordinates were at 
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Table 1. Clinical summary of the patients (17). 

Pa- 
tient Age Sex Etiology of pain Location of pain 

A 47 M Postcordotomy dysesthesia Bilateral, lower extremities 
B 54 M Postcordotomy dysesthesia Right lower extremities 
C 63 M Thalamic syndrome Right arm and leg 
D 51 M Lumbosacroarachnoiditis Low back and both legs 
E 57 F Carcinoma of rectum Abdomen and perineum 
F 66 F Carcinoma of colon Abdomen 
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Table 2. The concentration of immunoreactive /-endorphin in the ventricular fluid of six pa- 
tients. Ventricular CSF samples were collected from a ventricular catheter inserted to perform 
intraoperative ventriculography. The tip of the catheter was usually located just at the foramen 
of Monro, but not in the third ventricle. Two milliliters of ventricular fluid were collected (i) at 
the onset of the surgery prior to ventriculography, insertion of electrode, and stimulation (base- 
line); (ii) at the end of the 15-minute stimulation period; (iii) 15 minutes after the cessation of 
stimulation; and (iv) 30 minutes after cessation. Further collection of the fluid would have pro- 
longed the usual time required for the closure of the surgical wound; it was thus not attempted. 
Tubes containing the collected ventricular fluids were immediately immersed in boiling water 
for 10 minutes to halt possible peptide degradation, and then frozen. After lyophilization, sam- 
ples were redissolved in one-fifth of their original volume with the following solution: 0.02M 
sodium phosphate buffer, pH 7.5, with 0.145M NaCl, 0.1 percent gelatin, 0.01 percent thimeros- 
al, 0.01 percent crystalline bovine serum albumin, and 0.1 percent Triton X-100. Radioimmuno- 
assays for p-endorphin were performed as described (12), in duplicate at three doses-that is, 40, 
80, and 100 gl. The dose-response curves were parallel to the standard curves. Our radioimmu- 
noassay for /-endorphin shows complete cross-reactivity with ,-lipotropin. The amount of ma- 
terial obtained during the neurosurgical procedure was insufficient to characterize immuno- 
reactive /-endorphin by gel filtration. We showed previously (13) that immunoreactive /-endor- 
phin in the rat brain was mainly authentic 3-endorphin. 

/3-Endorphin (pg/ml) 

Patient End of 15 minutes after 30 minutes after 
Baseline stimulation cessation of cessation of 

period stimulation stimulation 

A 180 190 190 170 
B 140 140 140 * 
C 160 160 * * 
D 170 230 270 * 
E 210 650 720 640 
F 200 1410 720 980 

*Not collected. 

the level of the posterior commissure on 
the anteroposterior axis and ventrodor- 
sal axis, and 2 to 3 mm lateral from the 
lateral wall of the posterior third ven- 
tricle or aqueduct. 

The electrodes were implanted stereo- 
tactically as described (5). Electrode lo- 
cation was verified by intraoperative x- 
ray. As soon as the electrodes were in- 
serted, they were activated for 15 min- 
utes to verify the efficacy of the relief of 
pain. Stimulation parameters were 3 to 
10 V, 5- to 20-Hz biphasic wave for elec- 
trodes located in the central gray matter; 
this produced no accompanying sensa- 
tion or discomfort (5). The stimulation of 
the posterior limb of the internal capsule 
is accompanied by paresthesia in the 
contralateral side of the body (11); pa- 
rameters for this stimulation were 3 to 5 
V, 50- to 75-Hz biphasic wave. 

All six patients reported here exhib- 
ited significant or complete pain relief 
with either internal capsule or peri- 
aqueductal gray stimulation. Ventricular 
fluids were collected and radioimmuno- 
assays for 3-endorphin were performed 
as described (12). 

Control concentrations of immuno- 
reactive /3-endorphin in the ventricular 
fluid of the patients ranged from 140 to 
210 pg/ml. Stimulation of the internal 
capsule was not followed by any in- 
crease in immunoreactive /3-endorphin 
above the control concentrations. There 
was, however, a two- to sevenfold in- 
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crease in the concentration of immuno- 
reactive /3-endorphin of the three pa- 
tients after stimulation of the peri- 
aqueductal area (Table 2). 

In two of these patients (E and F), ra- 
dioimmunoassays for leucine-5-enkepha- 
lin (Leu5-enkephalin) were also per- 
formed. As previously described (13), this 
assay is highly specific for Leu5-en- 
kephalin because it does not react with 
a-, /-, y-, or 6-endorphin but does show 
a 3 percent cross-reactivity with methi- 
onine-5-enkephalin. The sensitivity of this 
assay is such that it could have detected 
as little as 25 pg of Leu5-enkephalin per 
milliliter of original ventricular fluid. No 
Leu5-enkephalin immunoreactive mate- 
rial could be detected in the ventricular 
fluid of either patients E or F, before or 
after stimulation of the periaqueductal 
gray. 

In the rat brain, fibers that are immu- 
noreactive for /3-endorphin are highly 
concentrated in the anterior periaque- 
ductal gray matter. These fibers are part 
of the long projections of the /3-endor- 
phin-immunoreactive cell bodies locat- 
ed in the basal tuberal hypothalamus 
(14). Fibers of this pathway are some- 
what dense around the wall of the third 
ventricle, especially in the anterior part 
of the ventricle. Furthermore, the ante- 
rior part of the rat hypothalamus exhibits 
the highest concentration of immuno- 
reactive /-endorphin (13). It seems pos- 
sible that the immunoreactive /3-endor- 

phin observed here in samples of CSF 
from the third ventricle could come from 
these /3-endorphin-containing fibers 
packed in the anterior hypothalamus, 
and that electrical stimulation of the peri- 
aqueductal gray matter might induce 
antidromic stimulation of the anterior 
hypothalamic /-endorphin fibers and the 
subsequent release of /-endorphin into 
the third ventricle. 

In the case of deafferentation dyses- 
thesia, stimulation of the periaqueductal 
gray matter is ineffective in producing 
pain relief; opiates are also ineffective 
(9). In these cases, pain is relieved by 
long-term stimulation of the somatosen- 
sory system, the effect presumably being 
mediated by an activation of the inhib- 
itory corticofugal fibers (9). This relief is 
not reversed by naloxone, nor is it ac- 
companied by increased concentrations 
of immunoreactive /-endorphin in the 
CSF. 

Naloxone has been shown to reverse 
the pain relief obtained from intra- 
ventricularly injected /-endorphin in hu- 
mans (8), as well as from stimulation of 
periaqueductal gray matter. Therefore, 
the mechanisms underlying the pain re- 
lief obtained by these two methods may 
well be similar. The only other known 
endogenous opioid peptides in the peri- 
aqueductal gray area, the enkephalin 
pentapeptides, are known to produce on- 
ly transient analgesia in experimental an- 
imals (15) and are therefore less likely to 
be the source of the longer-lasting anal- 
gesia observed in humans after stimula- 
tion of the periaqueductal gray matter. 
On the basis of data from an assay of the 
isotopically labeled receptors, Akil et al. 
(16) reported that stimulation of peri- 
aqueductal gray matter produced a mod- 
erate increase (50 percent) in an unchar- 
acterized enkephalin-like compound in 
the third ventricle. In this study we 
found no increase of Leu5-enkephalin 
immunoreactivity. 

Our findings demonstrate that the pain 
relief produced by stimulation of peri- 
aqueductal gray matter has considerable 
anatomical and pharmacological speci- 
ficity, inasmuch as stimulation of the in- 
ternal capsule resulted in no changes in 
the concentration of immunoreactive p- 
endorphin in the CSF. However, we 
need to determine how much the "bas- 
al" levels measured here differ from lev- 
els in unstressed patients not undergoing 
neurosurgical procedures, and whether 
the site of the CSF collection is critical in 
measuring increments of change in en- 
dorphins. Additional research is also re- 
quired to define the precise mechanisms 
mediating the changes in endogeneous 
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opioid peptides detected in CSF and the 
pain relief resulting from stimulation of 
the periaqueductal gray matter. 
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hours after administration (9). Whereas 
peripheral administration of adrenocorti- 
cotropic hormone (ACTH) does not in- 
duce grooming, intraventricular injection 
of ACTH elicits excessive grooming (10- 
12). This grooming is not directed toward 
any particular part of the body, but 
changes from one portion of the body to 
another and is complete and effective. It 
does not appear to be stereotyped, but is 
an excessively prolonged form of the 
natural grooming. 

We recently observed that when rats 
were transferred to a novel observation 
chamber, there was a large increase in 
the time spent grooming relative to that 
observed in the home cage, even when 
similar handling was involved (12). To 
test the hypothesis that the increased 
grooming observed in the novel testing 
situation is mediated by ACTH, we ex- 
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amined grooming induced by a novel en- 
vironment in intact and hypophysecto- 
mized rats and in intact rats injected 
intraventricularly with antiserum to 
ACTH. 

Male Wistar rats (120 to 150 g) were 
supplied by Charles River (Wilmington, 
Mass.). Hypophysectomy was per- 
formed at the Charles River laboratories 
on 39-day-old (150 g) rats which were 
shipped the following day. Rats were 
housed singly in wire-mesh cages. They 
were given free access to Purina Lab 
Chow and water and maintained on a 
cycle of 12 hours of light and 12 hours of 
darkness (lights on at 8 a.m.). Ambient 
temperature under all experimental con- 
ditions was 22?C. 

The rats were carried 20 m in their 
home cages to the experimental room 
and placed in a cage rack similar to the 
one used in the home room. Transfer to 
novel observation boxes made of glass 
and Plexiglas (30 by 30 by 20 cm) oc- 
curred in the experimental room. Each 
box was illuminated by a 7.5-W soft 
white bulb. The boxes were visually iso- 
lated from each other. A white-noise gen- 
erator provided a continuous masking 
noise of approximately 65 dB. The rats 
were always observed in the experimen- 
tal room with the observer separated 
from the animals by a one-way mirror. 
Observation commenced 15 minutes af- 
ter transport to the experimental room, 
and continued for a total period of 50 
minutes each day at the same time of day 
(12 noon to 2 p.m.). Whether rats were 
grooming or not was determined every 
15 seconds as described (11, 12). On 
days on which more than one treatment 
was involved, the observer was unaware 
of the treatment to particular animals. 
For statistical analyses we used the 
Mann-Whitney U test, although in all 
cases comparable levels of significance 
were obtained from Student's t-test. 

In the first experiment, intact and hy- 
pophysectomized rats were scored for 
grooming in their home cages on days 1 
to 3. The rats were then observed in the 
novel boxes on days 4 to 7, and then 
again in their home cages on days 8 and 
9. Intact animals exhibited a substantial 
enhancement in their grooming scores on 
transfer to the novel box (Fig. 1). 
Grooming in the novel box on day 4 was 
significantly different from that in the 
home cage on day 3 (P < .002). Average 
grooming scores for all days in the novel 
box were higher than those for all days in 
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remained significantly above levels of 
grooming exhibited in the home cage. 
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Intracerebral Adrenocorticotropic Hormone Mediates 

Novelty-Induced Grooming in the Rat 

Abstract. Intact male rats exhibited more grooming in unfamiliar testing chambers 
than in their home cages. Hypophysectomized rats showed a much reduced increase 
in grooming in these testing chambers. Intraventricular injections of antiserum to adre- 
nocorticotropic hormone to intact rats decreased the grooming usually observed in 
the novel situation, whereas a similar injection of control serum did not produce this 
effect. Peripheral injections of the antiserum did not affect grooming. Since intra- 
ventricularly injected adrenocorticotropic hormone induces excessive grooming, 
these results suggest that the increased grooming observed in the novel environment 
may be at least partly due to the release of this hormone directly into the cerebral 
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