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Implantation of AtT-20 or Genetically Modified AtT-20/hENK Cells in
Mouse Spinal Cord Induced Antinociception and Opioid Tolerance
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AtT-20 cells, which make and release g-endorphin, or AtT-
20/hENK cells, an AtT-20 cell line transfected with the human
proenkephalin gene and secreting enkephalin as well as
presumably g-endorphin, were implanted in mouse spinal
subarachnoid space. Cell implants did not affect the basal
response to thermal nociceptive stimuli. Administration of
isoproterenol, believed to stimulate secretion from these
cells, produced antinociception in groups receiving AtT-20
or AtT-20/hENK cell implants but not in control groups re-
ceiving no cells. The antinociceptive effect of isoproterenol
was dose related and could be blocked by the opioid an-
tagonist naloxone. Implantation of these cells offers a novel
approach for the study of tolerance. Mice receiving AtT-20
cell implants developed tolerance to g-endorphin and the
u-opioid agonist DAMGO, whereas mice receiving geneti-
cally modified AtT-20/hENK cell implants developed toler-
ance to the 3-opioid agonist DPDPE. Genetically modified
AtT-20/hENK cell implants, but not AtT-20 cell implants, re-
duced the development of acute morphine tolerance in the
host mice. This finding is consistent with the suggestion that
enkephalin alters development of opioid tolerance. These
results suggest that opioid-releasing cells implanted around
mouse spinal cord can produce antinociception and may
provide an alternative therapy for chronic intractable pain.

[Key words: endorphin, enkephalin, neuronal cell line, pain,
transplantation, tolerance]

The pharmacological control of chronic pain remains elusive
(Bonica, 1990). It is well accepted that endogenously produced
opioid peptides, such as S-endorphin and enkephalin, play an
important role in reducing sensitivity to pain (Yaksh and
Noueihed, 1985). When exogenously administered at the spinal
level, these opioid peptides produce profound antinociceptive
effects in rodents (Yaksh et al., 1977; Yaksh and Henry, 1978;
Yaksh, 1981; Hylden and Wilcox, 1983) and suppress pain in
patients (Oyama et al., 1980; Wen et al., 1985). Although spinal
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administration of opioids reduces total dosage requirements
compared with systemic administration by targeting the drugs
to an important site of action, the prolonged use of infusion
catheters may be accompanied by problems such as occlusion,
blockage, infection, and leakage (Laugner et al., 1985; Coombs,
1988; Hassenbusch et al., 1990; Onofrio and Yaksh, 1990;
Plummeretal., 1991). Therefore, it is important to seek a means
to circumvent these drawbacks in the control of chronic pain.

One possible approach to chronic opioid administration is to
implant tissues that secrete opioid peptides around the spinal
cord to reduce the spinal transmission of pain (Sagen et al.,
1991b). One group has reported that spinal implantation of
adrenal medullary tissue produced measurable antinociception
in rats (Sagen and Pappas, 1987; Sagen et al., 1990), decreased
indications of pain in a rodent model of neuropathic pain (Hama
and Sagen, 1993), and pain relief in terminal cancer patients
(Sagen et al., 1991b). Thesc adrenal medullary implants sur-
vived for at least 12 weeks and released both enkephalins (Sagen
and Kemmler, 1989) and catecholamines (Sagen et al., 1991a)
tonically or upon stimulation with nicotine. The risk of surgical
complications associated with autologous tissue grafts, the lim-
ited availability of heterologous donor tissue, and the relatively
low levels of secretion of pain-attenuating substances make an
alternative to primary tissue grafts desirable.

Another possibility would be to implant a clonal cell line,
that chronically secretes opioids, around the spinal cord. The
AtT-20 cell line was originally derived from a mouse anterior
pituitary tumor (Buonassisi et al., 1962) and secretes the opioid
peptide g-endorphin (Allen et al.. 1978; Hook et al., 1982). The
genetically modified cell line AtT-20/hENK was developed from
the AtT-20 cell line by introduction of a plasmid containing the
entire human proenkephalin gene with 200 bases of 5'-flanking
sequence and 2.66 kilobases (kb) of 3’-flanking sequence (Comb
ct al., 1985). These cells express proenkephalin protein, which
1s cleaved to form free enkephalins (Comb et al., 1985). Ge-
netically modified AtT-20/hENK cells presumably secrete S-en-
dorphin as well. AtT-20 cells also possess 3.-adrenergic recep-
tors, which would allow the 8-adrenergic agonist isoproterenol
to stimulate secretion from these cells after implantation (Re-
isine et al., 1983; Axelrod and Reisine, 1984). Thus, AtT-20
and AtT-20/hENK cells hold potential for pharmacological ma-
nipulation of their release of opioids after implantation. The
present study characterized the analgesic or antinociceptive ef-
fectiveness of these two cell lines implanted around the spinal
cord of mice and stimulated by a 8-adrenergic agonist.

Chronic implantation of opioid-secreting cells also offers a
novel approach for the study of tolerance associated with long-
term opioid administration. The development of tolerance re-



duces the effectiveness of drug therapies and requires escalated
doses that can contribute to opioid side effects. Since primates
receiving chronic intrathecal (i.t.) administration of B-endor-
phin developed tolerance to it (Yaksh et al., 1982), it was ex-
pected that spinal implantation of AtT-20 cells secreting 3-en-
dorphin would produce opioid tolerance as well. Furthermore,
since the antinociceptive effect of enkephalins is mediated main-
ly through é-opioid receptors (Yaksh and Noueihed, 1985), spi-
nal implantation of AtT-20/hENK cells secreting enkephalins
tonically should also produce tolerance at é-opioid receptors.
The induction of opioid tolerance following cell implantation
would confirm that the implanted cells tonically release opioids.
Because of the quick degradation of enkephalins in the nervous
system (Yaksh et al., 1977; Yaksh and Noueihed, 1985), it is
generally difficult to study the development of enkephalin tol-
erance or the effects of enkephalin on the development of tol-
erance to other opioids. Implantation of cells that tonically se-
crete enkephalins offers another method to continuously supply
enkephalins. It has been suggested that met-enkephalin can alter
the development of tolerance to the opiate morphine (Graf et
al., 1979), although technical aspects of enkephalin delivery
limited the strength of this conclusion and permitted some dis-
pute (Lee et al., 1980). To help resolve this issue, the present
study examined development of tolerance to morphine in ani-
mals with chronic implantation of AtT-20/hENK cells.

The results of this study showed that intrathecally implanted
AtT-20 or AtT-20/hENK cells had an antinociceptive effect
when secretion from the cells was stimulated by isoproterenol.
This isoproterenol-induced antinociception was blocked by the
opioid antagonist naloxone, suggesting that this antinociception
was induced by opioids released from the cell implants. Mice
receiving cell implants developed tolerance to opioids, confirm-
ing that these cells tonically released opioids. AtT-20/hENK cell
implants reduced the development of acute morphine tolerance,
which indicates that enkephalins can modulate the development
of morphine tolerance.

Preliminary results have been reported previously in abstract
form (Wu et al., 1992).

Materials and Methods

Cell culture and preparation for implantation. AtT-20 cells (Buonassisi
et al., 1962) and AtT-20/hENK cells (Comb et al., 1985, a gift from
Dr. M. Martin) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) containing 12% horse serum and 3% fetal calf serum under
10% CO, and 90% air at 37°C. AtT-20/hENK cells were detached from
the culture flasks with trypsin/EDTA medium. All cells were removed
from the culture flasks, centrifuged at 500 x g for 3 min, resuspended
in Hanks’ buffer (pH 7.4), and counted with a hemocytometer. The cells
were again centrifuged and resuspended in Hanks’ buffer at the desired
concentrations for intrathecal administration to recipient animals.

Animals and cell implantation. Recipients were male ICR mice weigh-
ing 20-24 gm (Harlan Sprague-Dawley, Madison, WI). Animals were
maintained on a 12/12 hr light/dark cycle with chow and water available
ad libitum. Five microliters of Hanks’ buffer solution containing 103
cells was injected into mouse lumbar subarachnoid space by lumbar
puncture using a 27 gauge needle (Hylden and Wilcox, 1980; Wilcox,
1988). Control animals received an injection of the same volume of
Hanks® buffer solution.

Drugs. Isoproterenol (7-30 nmol; Aldrich Chemical Company, Inc.,
Milwaukee, WI) was prepared in physiological saline containing the
cAMP phosphodiesterase inhibitor ZK 62711 (Schwable et al., 1976; a
gift from Dr. P. Y. Law). ZK 62711 was dissolved in absolute ethanol
(30 mg/ml) and then diluted with physiological saline to a final ethanol
concentration of 0.6%. Naloxone hydrochloride (3 nmol; E.I. Dupont
Co., Garden City, NJ), morphine (3-30 nmol; a gift from Dr. R. P.
Elde), 8-endorphin (0.01-3 nmol; a gift from Multiple Peptide Systems,
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San Diego, CA), DAMGO (0.003-0.07 nmol; Sigma Chemical Com-
pany, St. Louis, MO), DPDPE (3-100 nmol; Bachem Inc., Torrence,
CA), B-funaltrexamine (3-FNA; 0.05 nmol; a gift from Dr. F. Porreca),
and ICI 174,864 (10 ug; a gift from Dr. F. Porreca) were prepared in
physiological saline. The drugs were given by intrathecal injection (5
ul) using a 30 gauge needle. The drug studies were limited to | month
after cell implantation because the larger size of the mice after this point
made intrathecal drug injections difficult.

Antinociceptive testing. Two standard nociceptive tests. tail flick and
hot plate, were used sequentially before and after cell implantation or
drug administration. In the tail flick test, the tail of an animal was
immersed in a hot water bath (53°C or 55°C). The 53°C hot water tail
flick test, instead of the 55°C hot water tail flick test, was used in mice
receiving isoproterenol (intrathecally) to detect opioid antinociception
induced by cell implants because it was observed that opioid efficacy
was higher in the lower temperature hot water tail flick test (Jiang et
al., 1990; Kitto and Wilcox, unpublished data). The 55°C hot water tail
flick test was used in mice receiving all the other drugs because they
were fully effective in this test (Heyman et al., 1989). The time required
for an animal to move its tail away from the hot water bath was measured
(Janssen et al., 1963). The bascline response time for the tail flick tests
was 2.9 + 0.2 sec at 53°C, and 2.3 + 0.2 sec at 55°C. The cutoff time
was set at 10 sec. In the hot plate test the temperature of an aluminum
plate (20 x 35 cm) in a clear plastic enclosure (34 ¢cm high) was main-
tained at 55°C by circulating hot water (Woolfe and MacDonald, 1944).
Each subject was placed on the hot plate and the latency to jump or
lick its hind paw was measured. The baseline response time in the
absence of treatment was 17.6 £ 1.4 sec. The cutoff time was set at 40
sec. These maximum cutoff latencies were set to avoid tissue damage
and were determined to be more than three standard deviations above
the control mean for several pooled groups of animals. The percentage
maximum possible effect (MPE) was determined in the usual way: %
MPE = (postdrug latency — predrug latency)/(cutoff — predrug latency)
x 100%.

Acute morphine tolerance test. Mice were pretreated with an intrathe-
cal injection (5 ul) of morphine (20 nmol) or saline. Six hours later, the
tail flick (55°C) test was performed before and 10 min after receiving
morphine (10 nmol). The response latency in animals pretreated with
morphine was compared to those pretreated with saline.

Histology. A histological analysis of implant survival was performed
in mice following the nociceptive tests. Mice were anesthetized with
ether and perfused with 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4). The spinal cords were removed and postfixed 2 hr at 4°C,
then placed in 20% sucrose/0.1 M phosphate buffer overnight at 4°C.
The spinal cords were embedded in tragacanth gum and stored at —70°C
until sectioning. Spinal cords were sectioned on a cryostat at 12 um.
Selected sections were stained with cresyl violet. Adjacent sections were
incubated first in rabbit anti-met-enkephalin antisera (a gift from Dr.
R. P. Elde) at 1:100 in PBS (Micevych and Elde, 1980) and then in goat
anti-rabbit IgG antibody conjugated to fluorescein isothiocyanate (Jack-
son Immunoresearch Laboratories, Inc., West Grove, PA) at 1:500 in
PBS. The sections were examined and photographed with a microscope
under transmitted or epifluorescence illumination.

Statistical analysis. Statistical analyses were performed using STAT-
view II analysis of variance (ANOVA) followed by Fisher PLSD test
for multiple post hoc comparisons among the groups. Differences were
considered to be significant if p < 0.05. The ED,, values and 95%
confidence intervals of drugs in nmol/mouse were calculated by using
the graded dose—response curve method of Tallarida and Murray (1987).
ED,, values were considered to be significantly different when 95%
confidence intervals did not overlap between the groups.

Results

Antinociceptive effect of AtT-20 and genetically modified
AtT-20/hENK cell implants

Three groups of mice received an intrathecal injection of AtT-
20 cells, AtT-20/hENK cells, or Hanks’ buffer. The mice were
tested in the tail flick and hot plate tests 1 d before and 1, 3, 3,
7, and 21 d after implantation. Neither AtT-20 nor AtT-20/
hENK cell implants resulted in a detectable change in the basal
tail flick or the hot plate response latencies (data not shown).
This may be due to low sensitivity of these behavioral tests or
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Figure 1. Antinociceptive effect of the 8-adrenergic agonist isoproter-
enol (30 nmol, i.t.) together with the cAMP phosphodiesterase inhibitor
ZK 62711 (1.0 ug, i.t.) in mice receiving AtT-20 or AtT-20/hENK cells
(10 cells, 1.t.) in the tail flick test. A, A two-factor repeated-measures
ANOVA indicated that the antinociceptive effect of 1soproterenol was
statistically significant (F, ., = 13, p < 0.001). Significant post hoc com-
parisons are indicated by * (p < 0.05). The AtT-20 cell-implanted group
and the AtT-20/hENK cell-implanted group showed more antinoci-
ception than the control group. B, The time course of the isoproterenol
effect in mice 7 d after receiving AtT-20 or AtT-20/hENK cells (10°
cells, i.t.). A two-factor repeated-measures ANOVA indicated that the
antinociceptive effect of isoproterenol was statistically significant (F, 5,
=7, p < 0.005). Significant post hoc comparisons are indicated by * (p
< 0.05). The AtT-20 cell-implanted group and the AtT-20/hENK cell-
implanted group showed more antinociception than the control group.
Each point represents the mean + SEM (eight mice in each group).

to low levels of spontaneous secretion of opioid by these cells
(Allen et al., 1978; Hook et al., 1982; Comb et al., 1985).

The 8-adrenergic agonist isoproterenol was used in an attempt
to increase secretion from the cell implants. Previous work
showed that isoproterenol administered in normal rodent spinal
cord lacks antinociceptive effects (Yaksh, 1985; Nagasaka and
Yaksh, 1990). Thus, any antinociception induced by isoproter-

enol would most likely result from stimulation of opioid secre-
tion from the implanted cells. The 8-adrenergic agonist isopro-
terenol, tnjected intrathecally in cell-implanted mice, elevated
both tail flick and hot plate response latencies 5 and 10 min
after injection but was without effect in mice receiving no im-
plants (Fig. 14,B). The antinociceptive effect of isoproterenol
in mice receiving AtT-20 or AtT-20/hENK cell implants was
dose related in both tail flick (Fig. 24) and hot plate (Fig. 2B)
tests, and was completely blocked by intrathecal coadministra-
tion of 3 nmol of the opioid antagonist naloxone, a dose that
had no effect on its own in any of the three groups. The anti-
nociceptive effect of isoproterenol appeared the same in mice
receiving genetically modified AtT-20/hENK and AtT-20 cell
implants. It was unclear from this result whether enkephalin
was involved in the antinociceptive effect associated with the
AtT-20/hENK cell implants.

The contribution to the antinociceptive effect of enkephalin
and B-endorphin secreted from the cell implants was determined
using selective 6- and u-opioid receptor antagonists. Antinoci-
ception produced by enkephalin is mediated mostly through
s-opioid receptors, while that produced by S-endorphin is me-
diated mostly through u opioid receptors (Yaksh and Noueihed,
1985; Suh and Tseng, [988). Mice receiving either AtT-20 or
AtT-20/hENK cell implants were given the u-opioid receptor
antagonist 3-FNA (0.05 nmol, i.t.) 2 d after implantation. This
dose of 3-FNA selectively blocks u-opioid receptors while hav-
ing little effect on é-opioid receptors in mice 24 hr after admin-
istration (Suh and Tseng, 1990). Twenty-four hours after -FNA
treatment, 30 nmol of isoproterenol was given by intrathecal
injection, and the mice were tested for a nociceptive response.
The antinociceptive effect of isoproterenol in the tail flick test
was blocked by pretreatment with 3-FNA in mice receiving the
AtT-20 cell implants but not in mice receiving the genetically
modified AtT-20/hENK cell implants (Fig. 34). When the §-opi-
oid antagonist ICI 174,864 (10 ug, i.t.) was given to mice pre-
treated with 8-FNA, the antinociceptive effect of isoproterenol
in the tail flick test was blocked completely in mice receiving
either AtT-20 or AtT-20/hENK cell implants (Fig. 3B). How-
ever, ICI 174,864 (10 ug, i.t.) alone did not block isoproterenol-
induced antinociception in mice receiving either type of cell
implants (data not shown). Thus, the effect of AtT-20 cell im-
plants, which secrete only g-endorphin, could be blocked by
blocking only u-opioid receptors. Elimination of the effect of
AtT-20/hENK cell implants, which apparently secrete both
B-endorphin and enkephalin, required both x- and é-opioid re-
ceptor blockers.

Tolerance associated with AtT-20 and genetically modified
AtT-20/hENK cell implants

Opioid tolerance in mice receiving cell implants was tested by
administering several doses of opioid agonists to mice 7 d after
cell implantation. Mice receiving At1T-20 cell implants showed
tolerance to S-endorphin and the selective p-opioid agonist
DAMGO, whereas mice receiving AtT-20/hENK cell implants
showed tolerance to the selective §-opioid agonist DPDPE. 8-en-
dorphin was sixfold less potent in the tail flick test (Fig. 44),
and 21-fold less potent in the hot plate test in mice receiving
AtT-20 cell implants than in control mice in the hot plate test
(Fig. 4B). No such difference in g-endorphin potency was evi-
dent in AtT-20/hENK cell-implanted mice (Fig. 44,B). The
selective u-opioid agonist DAMGO was threefold less potent in
mice receiving AtT-20 cell implants than in control mice in the
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Figure 2. Dose-related isoproterenol-induced antinociception in mice
3 d after receiving AtT-20 or AtT-20/hENK cells (10° cells, i.t.). This
effect was blocked by the opioid antagonist naloxone (3 nmol, i.t.) in
the tail flick (4) and hot plate (B) tests. Each point represents the mean
+ SEM (eight mice in each group).

tail flick test (Fig. 4C); no such difference was evident in AtT-
20/hENK cell-implanted mice (Fig. 4C). Furthermore, the se-
lective §-opioid agonist DPDPE was fourfold less potent in mice
receiving the genetically modified AtT-20/hENK cell implants
than in control mice in the tail flick test (Fig. 4D); no such
difference was evident in AtT-20 cell-implanted mice (Fig. 4D).
No differences in DAMGO or DPDPE potency were evident
between cell-implanted mice and control mice in the hot plate
test (data not shown).

Mice receiving cell implants were also tested for development
of opiate tolerance. Mice receiving AtT-20 cell implants and
mice receiving no cell implants developed acute morphine tol-
erance 6 hr after a 20 nmol intrathecal dose of morphine; that
is, 10 nmol of morphine produced less antinociception in these
mice, when compared with mice receiving 6 hr pretreatment
with saline (Fig. 5). The group receiving AtT-20/hENK cell
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Figure 3. A, Antinociceptive effect of isoproterenol (30 nmol, i.t.) in
mice 3 d after implantation of AtT-20 cells (10 cells, i.t.) was blocked
by a 24 hr pretreatment of the selective p-opioid antagonist 3-FNA
(0.05 nmol, 1.t.) in the tail flick test. The antinociceptive effect of iso-
proterenol persisted in mice 3 d after implantation of AtT-20/hENK
cells (105 cells, i.t.) and 24 hr after pretreatment with 3-FNA. A two-
factor repeated-measures ANOVA indicated that the antinociceptive
effect of isoproterenol was statistically significant (F. -, = 8, p < 0.005).
Significant post hoc comparisons are indicated by * (p < 0.05). Each
point represents the mean = SEM (nine mice in each group). B, Antin-
ociceptive effect of isoproterenol (30 nmol, i.t.) in mice 3 d after im-
plantation of AtT-20 or AtT-20/hENK cells (10° cells, i.t.). This effect
was blocked by the é-opioid antagonist ICI 174,864 (10 ug, 1.t.) 24 hr
after pretreatment with 8-FNA. Each point represents the mean + SEM
(nine mice in each group).

implants, on the other hand, did not appear to develop tolerance;
that is, morphine’s effect was not diminished 6 hr after 20 nmol
of morphine intrathecally (Fig. 5). A dose-response study con-
firmed this. Morphine was threefold less potent in mice pre-
treated 6 hr earlier with an injection of morphine (20 nmol, i.t.)
compared with saline-pretreated mice. No such tolerance was
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Figure 4. B-endorphin (4, B), DAMGO (C), and DPDPE (D) dose-response curves after intrathecal administration in mice 7 d after implantation
of AtT-20 or AtT-20/hENK cells (105 cells, i.t.). Each point represents the mean + SEM (n = 8). ED;, values and 95% confidence intervals of
isoproterenol in nmol/mouse were calculated using the graded dose-response curve method of Tallarida and Murray as described in Materials and

Methods.

evident in mice receiving genetically modified AtT-20/hENK
cell implants pretreated with 20 nmol morphine intrathecally,
when compared with saline-pretreated mice (Table 1). Thus,
the release of enkephalin from the AtT-20/hENK cell implants
appeared to reduce development of acute morphine tolerance.

Histological examination of implanted cells

Histological examination revealed clumps of round cells sur-
rounding the spinal cord of mice receiving AtT-20 and AtT-20/
hENK cell implants. These cells were present in animals at least
1 month following implantation, the oldest age examined. These
anomalous clumps of cells were not seen around the spinal cord
of control mice, which did not receive cell implants. Immu-
nohistochemical processing for met-enkephalin resulted in
staining of these cells in animals that received the AtT-20/hENK
cell implants (Fig. 6). No staining was observed in the cells
surrounding the cord in mice with the AtT-20 cell implants.
Normal staining of endogenous met-enkephalin was present in
the dorsal horn of all three groups of animals.

General health of host animals

Mice receiving AtT-20 or AtT-20/hENK cell implants appeared
healthy during the period of the experiments. The weight and
motor ability of animals was monitored for 5 weeks after im-
plantation. No significant difference was found in the body weight
between the AtT-20 cell implantation group, AtT-20/hENK cell
implantation group, and the control group (Fig. 7). About 10%
of the mice receiving AtT-20/hENK cell implants developed
hind limb paralysis during the third week following cell im-
plantation. The remaining mice survived and appeared healthy
during a 3 month period of intermittent observation.

Discussion

AtT-20 cells, which produce 8-endorphin (Allen et al., 1978;
Hook et al., 1982), or AtT-20/hENK cells, which were geneti-
cally modified to produce enkephalin as well (Combet al., 1985),
were implanted around the mouse spinal cord and shown to
produce antinociception in the host animals. This antinocicep-
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Figure 5. Antinociceptive effect of morphine (10 nmol, i.t.) in mice 7
d after implantation of AtT-20 or AtT-20/hENK cells (10° cells, i.t.)
and 6 hr after pretreatment with morphine (20 nmol, i.t.) or saline (5
ul, i.t.). A one-factor ANOVA indicated that morphine-induced antin-
ociception was statistically significant (F,,, = 6, p < 0.001). The AtT-
20 cell-implanted group and the control group showed less morphine-
induced antinociception 6 hr after pretreatment with morphine (20
nmol, i.L.) than 6 hr after pretreatment with saline (5 ul, i.t.). Morphine-
induced antinociception was not significantly reduced in the AtT-20/
hENK cell-implanted group. Significant post hoc comparisons are in-
dicated by * (p < 0.05). Each point represents the mean + SEM (eight
mice in each group).

tive effect was detectable with standard tail flick and hot plate
nociceptive tests only if the animals were treated intrathecally
with isoproterenol. Control animals, which lacked cell implants,
did not exhibit antinociception in response to this drug.
Baseline tail flick and hot plate latencies were not changed by
the cell implants. A similar observation was made with adrenal
medullary chromaffin cell implants (Sagen and Pappas, 1987).
Nicotine stimulated transmitter release from adrenal medullary
chromaffin cell implants and produced antinociception in the
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Table 1. Mice receiving AtT-20/hENK cell implants did not develop
tolerance 6 hr after a 20 nmol intrathecal dose of morphine

EDs, (95%
confidence
interval),
Cell type Treatment nmol/mouse
No cells Saline, 5 ul 7.7(6-11)
Morphine, 20 nmol 22.4(17-29)
AtT-20/hENK cells Saline, 5 ul 4.4 (1-14)
Morphine, 20 nmol 8.6 (5-15)

ED, values and 95% confidence intervals of morphine (nmol/mouse, i.t.) in mice
7 d after implantation of AtT-20/hENK cells (10 cells, i.t.) and 6 hr after pre-
treatment with morphine (20 nmol, i.t.) or saline (5 gl i.t.). Acute tolerance was
apparent in the control group but not in the AtT-20/hENK cell-implanted group
(24 mice in each group).

host rats. In the present study, isoproterenol, which can stim-
ulate opioid secretion from AtT-20 cells in vitro (Reisine et al.,
1983; Axelrod and Reisine, 1984), was required to induce de-
tectable antinociception in AtT-20 and AtT-20/hENK cell-im-
planted mice. The lack of detectable antinociception after spinal
implantation of these cells without isoproterenol stimulation
may have been due to low levels of spontaneous secretion of
opioid by these cells (Allen et al., 1978; Hook et al., 1982; Comb
et al., 1985). In contrast to animal studies, heterologous grafts
of adrenal medullary cells in human spinal subarachnoid space
of cancer patients did reduce pain (Sagen et al., 1991b). This
result suggests that adrenal chromaffin cells, and possibly AtT-
20 and AtT-20/hENK cells, tonically release sufficient trans-
mitter to decrease pain perception, but that the behavioral tests
used lack the sensitivity to detect the effect.

The antinociceptive effect resulting from isoproterenol injec-
tion in mice receiving AtT-20 or AtT-20/hENK cell implants
most likely resulted from opioids secreted from the implanted
cells because it was blocked by the opioid antagonist naloxone.
Since previous studies have shown that these cell lines produce

Figure 6. Photomicrograph of met-
enkephalin immunohistochemistry of
AtT-20/hENK cells implanted around
mouse spinal cord. Immunofluores-
cence staining is apparent within the
implanted cells (arrows). Normal en-
dogenous staining for met-enkephalin
is also present in the dorsal horn (DIT).
Scale bar, 50 um.
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Figure7. Body weight of mice receiving implants. Mice receiving AtT-
20 or AtT-20/hENK cells (105 cells, i.t.) gained weight at the same rate
as controls. Each point represents the mean + SEM (10 mice in each

group).

and release opioids (Allen et al., 1978; Hook et al., 1982; Comb
et al.,, 1985), and since isoproterenol has no antinociceptive
effect in animals without the cell implants, it is reasonable to
suggest that this opioid-mediated antinociception resulted from
opioid peptides released from the implanted cells.

The AtT-20 cell implants appeared to act through the release
of B-endorphin, while the AtT-20/hENK cell implants appeared
to act through the release of 8-endorphin and enkephalin. It has
been shown that the spinal antinociceptive effect of exogenously
administered 8-endorphin is mediated mainly by p-opioid re-
ceptors and the antinociceptive effect of enkephalin is mediated
by dé-opioid receptors (see review by Yaksh and Noueihed, 1985).
In the present study, the antinociceptive effect of the AtT-20
cell implants was blocked by a u-opioid receptor blocker alone.
The antinociceptive effect of AtT-20/hENK cell implants could
not be blocked by either a u- or é6-opioid receptor blocker alone
but required coadministration of the two. Thus, both the 8-en-
dorphin and enkephalin released by the AtT-20/hENK cells
appeared to be active in the antinociceptive effect of these cells.

It was expected that the AtT-20/hENK cell implants, releasing
both opioid peptides, would have a greater antinociceptive effect
than the AtT-20 cell implants, which release only 3-endorphin.
A synergistic interaction is known to exist between the u- and
é-opioid receptors (Vaught and Takemori, 1979; Hylden and
Wilcox, 1983). In the present study, the antinociceptive effect
of isoproterenol treatment appeared equal in mice receiving
AtT-20 or AtT-20/hENK cell implants. Although the reason
for this is not clear, the present results agree with a previous
observation showing that enkephalins had no effect on $-en-
dorphin-induced analgesia (Chapmen et al., 1980). 8-Endorphin
has been shown to have a greater antinociceptive effect in the
tail flick test than enkephalin when administered intrathecally
to rats (Yaksh, 1981). It is likely that the larger antinociceptive
effect of 8-endorphin secreted by the AtT-20/hENK cells over-
shadowed a smaller effect of enkephalin; therefore, the behav-
ioral assays may not have been sufficiently sensitive to detect
the additional effect of the enkephalin. On the other hand, the
synergistic interaction may depend on the opioid peptides in-
volved. Leu-enkephalin potentiates the antinociceptive effect of
morphine (Vaught and Takemori, 1979; Lee et al., 1980) while

met-enkephalin decreases this effect (Vaught and Takemori,
1979; Chapmen et al., 1980; Lee et al., 1980). Since AtT-20/
hENK cells most likely secrete both leu-enkephalin and met-
enkephalin, the potentiating effect of one peptide may be offset
by the antagonistic effect of the other.

Implantation of opioid-releasing cells offers a novel approach
to study development of opioid tolerance. Although the low
levels of spontaneous opioid secretion by these cell implants
did not change the baseline tail flick and hot plate latencies,
these levels may still be sufficient to produce tolerance. This is
supported by the observation that continual intrathecal infusion
in rat of low doses of morphine produced opioid tolerance (Ste-
vens and Yaksh, 1989a,b). Continual intrathecal infusion of
B-endorphin in primate spinal cord produces tolerance to 8-en-
dorphin (Yaksh et al., 1982). As expected, mice receiving AtT-
20 cell implants exhibited tolerance to 8-endorphin. In addition,
they developed tolerance to the u-opioid receptor agonist DAM-
GO. These results support the hypothesis that the implanted
cells tonically released B-endorphin. The present study also
showed that mice receiving AtT-20/hENK cell implants, but
not mice receiving AtT-20 cell implants, exhibited tolerance to
the é-opioid receptor agonist DPDPE. This confirms that im-
planted AtT-20/hENK cells tonically released enkephalin. How-
ever, mice receiving genetically modified AtT-20/hENK cell
implants did not develop tolerance to 8-endorphin or DAMGO.
One possible interpretation of this result is that these genetically
modified cells do not release g-endorphin. However, the ob-
servation that the antinociception induced by isoproterenol in
AtT-20/hENK cell-implanted mice was not blocked by s-opioid
antagonist alone, but required the presence of é- and u-opioid
receptor antagonists, suggests that this antinociception was me-
diated partly through g-endorphin. The lack of 8-endorphin
tolerance might indicate that co-released enkephalin from AtT-
20/hENK cell implants somehow modulated the development
of B-endorphin tolerance.

AtT-20/hENK cell implants, but not AtT-20 cell implants,
also reduced the development of acute morphine tolerance. Since
the primary difference between these two cell types 1s that AtT-
20/hENK cells, but not AtT-20 cells, secrete enkephalins, it is
reasonable to suggest that enkephalins were responsible for mod-
ulation of morphine tolerance with the AtT-20/hENK cell im-
plants. A previous study showed that morphine tolerance can
be attenuated by chronic administration of met-enkephalin (Graf
et al., 1979), although there is evidence that conflicts with this
finding (Lee et al., 1980). Differences in the administration of
enkephalins may account for these differing resuits. Chronic
administration of enkephalin, such as that which might occur
with implantation of enkephalin-secreting cells, may be critical
for modulation of morphine tolerance by enkephalin. It has been
reported that blockade of é-opioid receptors prevents the de-
velopment of morphine tolerance in mice (Abdelhamid et al.,
1991), while upregulation of §-opioid receptor binding sites ac-
companies the development of morphine tolerance in mice (Ab-
delhamid and Takemori, 1991). The present study showed that
mice receiving AtT-20/hENK cell implants developed tolerance
at 6-opioid receptors. This downregulation of 5-opioid receptors
may have similar effects on the development of morphine tol-
erance to those that accompany selective blockade of §-opioid
receptors (Abdelhamid et al., 1991).

Whether an opioid agonist produces tolerance only at a par-
ticular receptor subtype, or at another receptor subtype as well,
is still controversial (Yaksh, 1983; Russel et al., 1987). The



present study showed that animals receiving AtT-20 cell im-
plants, which tonically release 8-endorphin only, exhibited tol-
erance at p-opioid receptors, but not at é-opioid receptors. This
is contrary to a previous observation that continual intrathecal
infusion of a selective u-opioid receptor agonist produced tol-
erance at both u- and é-opioid receptors (Russel et al., 1987).
Differences between the synthetic opioid agonist used in the
previous study and the biological opioid peptide secreted by the
cell implants in the present study may account for this difference.
It has been suggested that the biological properties of synthetic
peptide analogs are often altered and unable to mimic the en-
dogenous ligands exactly (Akil et al., 1988). Opioid-secreting
cell implants serve as a source of biological ligands for the study
of tolerance induction by naturally occurring opioid peptide.

This study identified and pharmacologically characterized an
antinociceptive effect resulting from opioid-producing AtT-20
and genetically modified AtT-20/hENK cells implanted around
mouse spinal cord. Cell implants releasing analgesic substances
may provide a practical approach to the clinical control of chronic
intractable pain. Issues related to tumorigenesis and metastasis
of these cancer cell lines need to be further investigated to de-
termine the feasibility of this approach in a clinical setting. The
finding that genetically modified AtT-20/hENK cell implants
prevented morphine tolerance suggests that chronic adminis-
tration of enkephalins along with morphine might benefit pa-
tients with chronic intractable pain who have developed tol-
erance to morphine. AtT-20 and genetically modified AtT-20/
hENK cell implants also provide a useful model to study the
biological properties of 8-endorphin and enkephalins, and the
interaction between these two endogenous opioids.
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