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ABSTRACT

Background: Neuropathic pain alters opioid self-adminis-
tration in rats. The brain regions altered in the presence of
neuropathic pain mediating these differences have not been
identified, but likely involve ascending pain pathways inter-
acting with the limbic system. The amygdala is a brain region
that integrates noxious stimulation with limbic activity.
Methods: u-Opioid receptors were blocked in the amygdala
using the irreversible antagonist, B-funaltrexamine, and the
antiallodynic and reinforcing effects of heroin were deter-
mined in spinal nerve-ligated rats. In addition, the effect of
B-funaltrexamine was determined on heroin self-administra-
tion in sham-operated rats.

Results: B-Funaltrexamine decreased functional activity of
p-opioid receptors by 60 * 5% (mean = SD). Irreversible
inhibition of w-opioid receptors in the amygdala signifi-
cantly attenuated the ability of doses of heroin up to 100
pg/kg to reverse hypersensitivity after spinal nerve ligation.
Heroin intake by self-administration in spinal nerve-ligated
rats was increased from 5.0 £ 0.3 t0 9.9 = 2.1 infusions/h
after administration of 2.5 nmol of B-funaltrexamine in the
lateral amygdala, while having no effect in sham-operated
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What We Already Know about This Topic

« Opioid misuse in chronic pain patients is a serious concern

* In animal models of persistent pain, the pharmacology of opi-
oid self-administration, a correlate of drug misuse, is different
from that of normal animals

What This Article Tells Us That Is New

* The lateral amygdala is a key area for opioid self-administra-
tion in a persistent neuropathic pain model and may be a
target for preventing drug misuse in persistent pain

animals (5.8 = 1.6 before, 6.7 £ 0.9 after). The antiallo-
dynic effects of 60 ug/kg heroin were decreased up to 4 days,
but self-administration was affected for up to 14 days.
Conclusions: u-Opioid receptors in the lateral amygdala
partially meditate heroin’s antiallodynic effects and self-ad-
ministration after peripheral nerve injury. The lack of effect
of B-funaltrexamine on heroin self-administration in sham-
operated subjects suggests that opioids maintain self-admin-
istration through a distinct mechanism in the presence of
pain.

EVERAL studies have suggested that opioid consump-

tion through self-administration is altered by the pres-
ence of pain in laboratory animals. In rats with experimental
arthritis, morphine self-administration is decreased after al-
leviation of inflammation by indomethacin treatment, sug-
gesting that morphine intake is at least partially dependent
upon the extent of pain.' Oral fentanyl self-administration is
approximately seven times greater in arthritic rats compared
with control animals, and intake increases with a time course
comparable to the progression of inflammation.”” In addi-
tion, oral fentanyl self-administration is selectively decreased
during chronic dexamethasone treatment only in arthritic
rats.” Intracerebroventricular self-administration of mor-
phine increases when painful electrical shock is delivered in
rats, suggesting that rats are capable of titrating analgesia by
self-administration.* We have previously shown that tight
ligation of the L5 and L6 nerves, a model of neuropathic
pain, significantly modifies the pharmacology of opioid self-
administration in rats.” In that study, morphine and fentanyl
had weak activity in reversing mechanical hypersensitivity in
spinal nerve-ligated (SNL) rats and likewise did not maintain
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robust self-administration in these animals. Heroin and
methadone were more efficacious both in reversing mechan-
ical hypersensitivity and maintaining self-administration,
and the rate of intake through self-administration was con-
sistent with maintenance of antiallodynic effects in SNL rats.
Clonidine administration (10 pg, intrathecal) reversed me-
chanical hypersensitivity in SNL rats and selectively de-
creased heroin self-administration in these animals, while
having no effect on heroin intake in sham-operated controls.
The conclusion from these experiments was that L5/L6 liga-
tion produces a distinct pharmacology of opioids as mea-
sured using drug self-administration, likely mediated
through brain regions that are influenced by spinal input.
Identifying these regions and the relevant neurons may pro-
vide a strategy for improving chronic pain treatment with
reduced abuse liability.

The brain contains many regions rich in p-opioid recep-
tors (MOREs), including regions involved in both drug rein-
forcement (e.g., nucleus accumbens, ventral tegmental area,
and prefrontal cortex) and analgesia (e.g., periaqueductal
gray, anterior cingulate cortex, and dorsal raphe).* MORs are
also densely located in the amygdala, a region that is involved
in both analgesia and drug-reinforcement mechanisms.® In-
jection of opioids into the amygdala produces analgesia in
rodents through MORs.” MOR activation in the amygdala
ipsilateral to application of a persistent painful stimulus in
the masseter muscle in humans is associated with a decrease
in verbal pain scores, a measure of the affective response to
pain.® u-Opioids appear to induce analgesia in the amygdala
by inhibiting GABAergic projection neurons from the baso-
lateral amygdala (BLA) to the central nucleus of the
amygdala (CeA), with the CeA sending projection neurons
to the periaqueductal gray (PAG), which, in turn, projects to
the rostroventral medulla (RVM).” The BLA also contains
excitatory glutamatergic neurons that project to the nucleus
accumbens and medial prefrontal cortex, and these projec-
tions are thought to synapse directly on dopaminergic nerve
endings.'”"" An amygdalonigral pathway has been described
using anterograde labeling to identify projections from the
CeA to the substantia nigra and ventral tegmental area.'?
Stimulation of inhibitory GABAergic fibers in the CeA that
project to the ventral tegmental area modulate dopaminergic
projection neurons from the ventral tegmental area that are
involved in reinforcement circuitry.13 14 Therefore, the
amygdala modulates regions involved in both sensory pro-
cessing and limbic activity.

Given its ability to modulate pathways involved in either
pain or drug reinforcement, the amygdala is a brain region
that could possibly be responsible for the differential phar-
macology of opioids in SNL and sham-operated rats reported
previously by our laboratory. To determine whether MORs
in the BLA were involved in either the antiallodynic or rein-
forcing effects of heroin in SNL rats, the irreversible MOR
antagonist, [-funaltrexamine (3-FNA), was administered
directly into this region. The behavioral effects of heroin
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were then determined and compared with those obtained
from sham-operated rats. The anatomical distribution and
extent of B-FNA’s effect on MOR activity was determined in
a separate group of rats administered 2.5 nmol of B-FNA or
saline into the lateral amygdala by examining stimulation of
[*>S]guanosine  5'-O-(3-thiotriphosphate) ([*>S]GTPyS)
binding by the MOR agonist, [D—A[az,NMe—Phe4,
Gly-ol’Jenkephalin (DAMGO).

Materials and Methods

Subjects

Subjects consisted of 95 male Fisher 344 rats weighing be-
tween 250 and 300 g (Harlan Sprague-Dawley, Indianapolis,
IN). Animals were kept on a reversed light-dark cycle (dark
5:00 AM—5:00 pm) and given ad [ibitum access to food and
water, except during self-administration sessions or during
testing with von Frey filaments. All procedures were ap-
proved by the Animal Care and Use Committee of Wake
Forest University Health Sciences (Winston-Salem, NC)
and were in accord with the Guidelines for the Care and Use
of Laboratory Animals as adopted and promulgated by the
National Institutes of Health (Bethesda, MD).

Surgical Procedures

Intravenous Catheter Implantation. Animals were anesthe-
tized with an intraperitoneal injection of 40 mg/kg pento-
barbital and implanted with jugular catheters, according to
the methods of Weeks, as previously modified.'>'° In brief,
the catheter (0.01-in ID Tygon tubing, type S-54-HL; Saint-
Gobain PPL Corp., New Haven, CT) was inserted into the
right exterior facial vein and extended through the jugular
vein to just outside of the right auricle of the heart. The
catheter was secured to surrounding deep muscle and to su-
perficial neck muscle by vicryl 4.0 suture and continued sub-
cutaneously to the back of the animal, where it exited be-
tween the scapulae through an implanted Teflon plate (Small
Parts, Inc., Miami Lakes, FL) encased in Teflon mesh (Davol
Inc., Warwick, RI). The Teflon plate served as a point of
attachment for a spring leash protecting the exterior portion
of the catheter. The catheter continued through the leash,
terminating at a fluid swivel.'” Catheter patency was main-
tained by hourly infusions of 0.2 ml 0.9% saline (w/v) with
1.7 U/ml heparin. Rats were given 75,000 U of penicillin G
procaine intramuscularly, and all exterior wounds were
dressed with antibiotic powder (Polysporin; Johnson and
Johnson, Skillman, NJ).

Intracranial Guide Cannula Implantation. Rats were im-
planted with 22-gauge stainless steel injection guide cannulas
(Plastics One, Roanoke, VA) aimed at the lateral portion of
the amygdala (5.6 mm rostral from A, = 4.5 mm lateral from
the midline, and 6.8 mm ventral from the skull surface) using
a stereotaxic frame (Stoelting, Wood Dale, IL). The guide
cannulas were secured to the skull with stainless-steel screws
and dental acrylic cement. Dummy cannulas (28 g) were
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inserted to prevent blockage. All animals were implanted
with a bilateral guide cannula, with the exception of those
used for DAMGO-stimulated [*°>S]GTP+S binding in brain
sections, as noted below.

Spinal Nerve Ligation. After 2 weeks of recovery from cath-
eter and guide cannula implantation, the L5 and L6 left
dorsal nerve roots were ligated as described by Kim and
Chung (1992) under isoflurane anesthesia (induction with
5% saturation, maintenance with 2-3% saturation).'® A
deep midline incision of 4 cm was made in the back of the
animal using the iliac crests as the midpoint. After removal of
the fifth transverse process with microrongeurs, L5 was exte-
riorized and ligated with a 4.0 silk suture. L6 was exteriorized
from underneath the iliac bone and ligated in a similar man-
ner. The muscle was closed with 4.0 chromic gut interrupted
sutures, and the skin was closed separately in a similar man-
ner. Sham ligation surgery was the same, except that the L5
and L6 nerves were not ligated.

Determination of the Extent of Irreversible Inhibition of
MOR by B-FNA in the Amygdala Using DAMGO-
stimulated [*°S]GTPyS Binding in Brain Sections

Rats were implanted with a single guide cannula into the left
lateral portion of the amygdala as described above and ad-
ministered either 1.0 ul saline (n = 8) or 2.5 nmol of B-FNA
(n = 8) as described above. Rats were then sacrificed 24 h
later, and their brains were removed and frozen in isopentane
(—35°C) and stored at —80°C unitil assayed. Coronal sec-
tions (20 wm) were obtained in a cryostat at —20°C and
assayed for [*>S]JGTPyS binding as described previously.'”
Sections were rinsed in assay buffer (50 mM Tris-HCI, 3
mM MgCl,, 0.2 mM EGTA, 100 mM NaCl, pH 7.4) at
25°C for 10 min, followed by a 15-min preincubation in
assay buffer containing 2 mM guanosine diphosphate and 10
mU/ml adenosine deaminase at 25°C. Sections were then
incubated in assay buffer with 2 mM guanosine diphosphate,
10 mU/ml adenosine deaminase, and 0.04 nM [*>S]GTP~S,
with (stimulated) or without (basal) 10 uM DAMGO at
25°C for 2 h. Slides were rinsed twice in cold Tris buffer (50
mM Tris-HCI, pH 7.0) for 2 min and once in deionized
water for 30 5.%° After drying at room temperature overnight,
sections were exposed to film for 72-96 h in cassettes con-
taining ['*C] standards for densitometric analysis. Films
were digitized with a Sony XC-77 video camera (Sony Corp.,
Tokyo, Japan) and analyzed densitometrically using the Na-
tional Institutes of Health Image program for Macintosh
computers version 1.6 (National Institutes of Health, Rock-
ville, MD). Values were corrected for [>>S] based on incor-
poration of [*°S] into sections of frozen brain paste as previ-
ously described, and correction factors were used to convert
[“C] values to [*°S] data. Net agonist-stimulated
[*>SIGTPYS binding was calculated by subtracting basal
binding from agonist-stimulated binding in triplicate sec-
tions for each animal. Data are expressed as nCi
[*>S]IGTPyS/g tissue and are reported as mean values + SD.
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Drugs and Reagents

Heroin hydrochloride was obtained from the Drug Supply
Program of the National Institute on Drug Abuse (Rockville,
MD). Solutions were prepared in sterile 0.9% (w/v) sodium
chloride with 1.7 U/ml heparin sodium and sterilized by
filtration through a 0.22-um nitrocellulose filter. Heparin
sodium was purchased from APP Pharmaceuticals LLC
(Schaumberg, IL). Pentobarbital was purchased from Ova-
tion Pharmaceuticals, Inc. (Deerfield, IL), and penicillin G
procaine was purchased from Phoenix Pharmaceuticals, Inc.
(St. Joseph, MO). Isoflurane was purchased from Halocar-
bon Products (North Augusta, SC). B-Funaltrexamine and
DAMGO were purchased from Sigma-Aldrich (St. Louis,
MO), and solutions were prepared fresh as needed in sterile
0.9% (w/v) sodium chloride or assay buffer. [>°S]GTPyS
(1250 Ci/mmol) was purchased from Perkin Elmer Life and
Analytical Sciences (Boston, MA). Other chemicals used
were reagent grade from Sigma-Aldrich or Fisher Scientific

(Pittsburgh, PA).

Drug Administration

Intravenous Heroin Administration. Heroin (30-100 ug/
kg) was administered intravenously in a volume of 0.7 ml/kg
body weight in sterile 0.9% NaCl (w/v) with 1.7 U/ml hep-
arin. For determination of potency and efficacy of reversal of
mechanical hypersensitivity, each dose was introduced into
the catheter and flushed with 0.5 ml sterile 0.9% NaCl with
heparin.

Intracranial B-FNA or Saline Administration. B-FNA or
saline was administered into the lateral amygdala in a volume
of 1 ul per side at a flow rate of 0.2 ul/min through a
32-gauge injection cannula (Plastics One) connected to a
Hamilton microsyringe with polyethylene tubing. The injec-
tion cannulas were left in place for 10 min after B-FNA
administration to allow for pressure equilibration. Infusions
were administered using a microsyringe infusion pump
(KDS Scientific, Boston, MA). All rats used for allodynia and
self-administration studies received bilateral injections of
B-FNA or saline, whereas rats used for determination of
DAMGO-stimulated [*>S]JGTP¥S binding received unilat-

eral injections.

Behavioral Procedures

Determination of Paw-Withdrawal Threshold (PWT). PWT
was determined using the up-down method with von Frey
filaments ranging in strength from 0.4 to 60 g.21 Mechanical
allodynia (PWT =4.0 g) was verified beginning 5-7 days
after SNL surgery and at regular intervals throughout the
self-administration studies (twice per week). PWT was also
determined in sham-operated subjects at similar time points.
Heroin Self-administration

Apparatus. Commercially available operant equipment was
used consisting of an operant chamber containing a lever located
5 cm above a grid bar floor, a stimulus lamp located 2 cm above
the lever, a houselight located outside the operant chamber, and
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a tone generator (Med Associates, Inc., St. Albans, VT). Each
operant chamber was placed within a sound- and light-attenu-
ating enclosure containing a ventilation fan. An infusion pump
was located on the outside of the chamber.

Procedure. Heroin self-administration sessions were con-
ducted as reported previously.” Lever presses were engen-
dered and maintained by infusion of 60 ug/kg heroin in 0.2
ml 0.9% saline with 1.7 U/ml heparin sodium over 6.2 s.
Rats were placed in operant chambers, and illumination of
the stimulus light above the lever indicated drug availability.
Initially, each lever press resulted in delivery of an infusion of
heroin (fixed-ratio 1). Once the number of infusions per
session became stable (five successive sessions, in which the
number of infusions earned did not vary by more than 10%
from the mean), the fixed-ratio value was increased to 2.
Each infusion was signaled by turning off the stimulus light
above the lever, sounding the tone, and illumination of the
houselight for 20 s. Lever presses had no programmed con-
sequences during this time-out period. At the end of the
time-out, the tone and houselight were turned off and the
stimulus light above the lever was illuminated to indicate
drug availability. Sessions were 4 h in duration and were
conducted on weekdays only to prevent the development of
physical dependence and tolerance.

Behavioral Effects of Heroin after Intraamygdala
Administration of 3-FNA or Saline

Antiallodynia. The presence of allodynia was verified for
each animal 10-14 days after SNL and implantation of in-
travenous catheters as described above. Saline (n = 7) or
B-FNA (2.5 nmol, n = 6) was injected into the amygdala (as
described above), and the dose-effect curve for heroin in
reversing the effects of SNL on PWT was determined 24 h
later. Rats were acclimated to the testing chambers for at least
30 min, and baseline PWT's were determined. Each animal
was then infused intravenously with 0.2 ml 0.9% (w/v) sa-
line, and PWT was determined after 3 min. One hour later,
baseline PWT was determined again, and each animal was
infused with 30 pg/kg heroin and PWT was determined
after 3 min. One hour later, baseline PWT was determined
again to ensure that there was no residual drug effect, and the
effect of 60 ug/kg heroin on PWT was determined in a
similar manner. After 1 h, the effect of 100 ug/kg heroin was
determined similarly. For animals treated with B-FNA, the
dose-effect curve for the antiallodynic effects of heroin was
determined before B-FNA administration and 1, 4, 7, 11,
14, and 17 days after 3-FNA treatment. For saline-treated
animals, the dose-effect curve for heroin was determined be-
fore and 24 h after saline treatment.

Self-administration. Rats were trained to self-administer in-
fusions of 60 pg/kg heroin (as described in the Heroin self-
administration section under Behavioral Procedures above)
after 10—14 days after SNL or sham surgery and implanta-
tion of intracranial guide cannulas and intravenous catheters.
Once the number of infusions was stable at fixed ratio 2
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according to the same criteria given above, separate groups of
rats (n = 6-7) were administered either saline or B-FNA
(0.1, 0.3, 0.5, 1.0, or 2.5 nmol). Self-administration sessions
were then conducted 24 h after intraamygdala treatment and
daily thereafter for up to 17 days after intracranial treatment.

Histologic Verification of Cannula Placement

Animals were decapitated under isoflurane anesthesia, and
the brains were rapidly removed and frozen in isopentane
(—=35°C) and stored at —80°C until sectioned. Coronal sec-
tions (20 wm) were thaw-mounted onto microscope slides
and dessicated overnight at 4°C. Slides were then stored at
—80°C until stained according to the methods of Kluver and
Barrera (1953).%* Cannula placement was verified by light
microscopy in serial sections.

Data Analysis

The effect of B-FNA and saline injection into the amygdala on
DAMGO-stimulated [*>S]GTP%S binding to sections was an-
alyzed by one-way ANOVA, with net stimulation serving as the
dependent measure, comparing the injected (ipsilateral) and
noninjected (contralateral) side. The analysis was performed
separately on the data obtained from the saline- and B-FNA-
treated rats. The analysis was performed using JMP software
version 5.0.1a (SAS Institute, Cary, NC).

The effects of intraamygdala B-FNA treatment on the
antiallodynic effects of heroin over time were assessed using a
3 X 6 ANOVA design, with heroin dose (30, 60, or 100
pg/kg) and time after B-FNA treatment (repeated measures
1, 4, 7, 11, 14, and 17 days) serving as fixed factors and
difference in paw withdrawal threshold before B-FNA treat-
ment serving as the dependent measure. Difference scores
from baseline values (before B-FNA treatment) were calcu-
lated with 95% confidence intervals using the 3 X 6 model,
and lack of overlap with zero difference was considered sta-
tistically significant. Analysis was performed using SPSS soft-
ware version 17.0 (SPSS, Inc., Chicago, IL). The effect of
intraamygdala saline treatment on the antiallodynic effects of
heroin was analyzed by two-way ANOVA, with heroin dose
and time after saline administration (before vs. 24 h after)
serving as the independent variables and PWT serving as the
dependent measure. This analysis was performed using JMP
software (SAS Institute).

The effect of B-FNA treatment on heroin self-adminis-
tration was analyzed by two-way ANOVA, with SNL versus
sham ligation being one independent variable and B-FNA
dose being the other independent variable. The number of
infusions of heroin self-administered after B-FNA treatment
served as the dependent measure. B-FNA effects were exam-
ined for dose responsiveness in either sham-operated or SNL
rats using one-way ANOVA, with dose of B-FNA serving as
the independent variable and number of infusions of heroin
per hour serving as the dependent measure. Post hoc analyses
were performed using Bonferroni-Dunn # test for multiple
comparisons, with the group administered saline serving as
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Fig. 1. Effect of B-FNA on DAMGO-stimulated [**S]GTPyS
binding in the lateral amygdala. The net stimulation of
[®®S]GTPyS binding (nCi/mg) by [p-Ala?,NMe-Phe?,
Gly-ol®lenkephalin (DAMGO) is shown for the injected (ipsi-
lateral) and uninjected (contralateral) lateral amygdala
(mean * SD). Rats were sacrificed 24 h after injection of
either 2.5 nmol of B-funaltrexamine (B-FNA) or saline (1 wl).
n = 8/group. *Significantly different from contralateral side,
P = 0.05.
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the control. The effect of intraamygdala administration of
2.5 nmol of B-FNA on heroin self-administration over time
was analyzed using a one-way ANOVA, with time after
B-FNA administration serving as the independent variable
and number of infusions of heroin administered serving as
the dependent measure. A two-tailed 2 value of 0.05 or less
was considered statistically significant. These analyses were

performed using JMP software (SAS Institute).

Results

Effects of Intraamygdala 3-FNA on DAMGO-stimulated
[P°S]GTPyS Binding in Brain Sections

Injection of 2.5 nmol B-FNA into the lateral portion of the
amygdala decreased net DAMGO  stimulation of
[>>SIGTP+S binding by 59.6 * 14.3% (mean * SD), com-
pared with the contralateral side, whereas saline administra-
tion had no significant effect (fig. 1). Neither saline nor
B-FNA administration into the lateral amygdala affected
basal [>>S]GTPyS binding. In saline-treated rats, basal
[>>SIGTP+S binding was 244 + 23 nCi/mg on the saline-
injected side, compared with 271 = 32 nCi/mg on the con-
tralateral side. In B-FNA-treated rats, basal [*°>S]GTPvyS
binding was 278 * 33 and 288 * 24 nCi/mg on the B-FNA-
injected and contralateral sides, respectively. The area of ir-
reversible inhibition was confined to the lateral portion, with
minimal effects seen in the central amygdala (fig. 2). The
rostrocaudal spread of the effect of B-FNA was similar to the
lateral spread from the injection site (data not shown).

Effects of Intraamygdala 3-FNA on the Antiallodynic
Effects of Intravenous Heroin

Heroin produced a robust antiallodynic effect in SNL rats
that was dose dependent [F(2,17) = 12.0, P = 0.0008] (fig.
3). Administration of saline intravenously did not alter PWT
in groups of rats administered either saline (2.9 = 0.8 before,
2.3 = 0.5 24 h after) or B-FNA (2.7 = 0.3 before, 2.8 = 0.4
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Fig. 2. Representative autoradiograms of DAMGO-stimu-
lated [®®S]GTP4S binding. Representative autoradiograms of
[p-Ala%, NMe-Phe*, Gly-ol®Jenkephalin (DAMGO)-stimulated
[®5S]GTP4S binding are shown for sections taken from rats
24 h after administration of either saline (SALINE) or 2.5 nmol
of B-funaltrexamine (B-FNA, B-FNA). The insert highlights the
selectivity of the effect of B-FNA to the lateral amygdala.

24 h after) into the amygdala (? > 0.05). Administration of
B-FNA into the lateral amygdala did not alter baseline PWT
atany time point after administration, as well (2> 0.05; data
not shown). B-FNA significantly attenuated the antiallo-
dynic effects of all doses of heroin 24 h after administration
into the lateral amygdala [F(2,35) = 6.1, P = 0.006] (fig. 3).
Administration of saline into the lateral amygdala had no
effect on the antiallodynic actions of any dose of heroin
[F(2,41) = 0.2, P = 0.9] (fig. 3). There was a significant
interaction between time after B-FNA administration and
heroin dose on paw-withdrawal threshold (2 <<0.0001). The
effect of 30 ug/kg heroin returned to normal by day 4 after
B-FNA treatment, whereas the effects of 60 and 100 ug/kg
returned to pre-3-FNA treatment values by days 7 and 11,

Saline

~=— Before

Heronn (pg/kg)

Threshold (g) >
533

)
o o o o

5o, B-FNA (2.5 nmol)

wm- Before
Z

Herom (pg/kg)

Threshold (g)
co3838883

Fig. 3. Effect of intraamygdala B-FNA on the antiallodynic ef-
fects of heroin. Saline (A) or 2.5 nmol of B-funaltrexamien (8-
FNA) (B) was injected bilaterally into the lateral amygdala, and
heroin was administered intravenously 24 h after treatment.
Paw-withdrawal threshold (PWT) was determined using von
Frey filaments before and 3 min after injection of each dose of
heroin (mean and 95% confidence intervals are shown). n = 7
(saline) and 6 (B-FNA). *Significantly different from PWT ob-
tained before B-FNA or saline treatment, P = 0.05.
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Fig. 4. Time course of B-FNA inhibition of the antiallodynic
effects of heroin. The dose-effect curve for the antiallodynic
actions of heroin were determined at the days shown after
intraamygdala treatment with 2.5 nmol of p-funaltrexamine
(B-FNA) using the same animals administered B-FNA that
were used for the data obtained in figure 3. Mean and 95%
confidence intervals are shown before (Baseline, BSL) and
after B-FNA treatment for 30 (A), 60 (B), or 100 (C) ng/kg
heroin. *Significantly different from BSL, P = 0.05.
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respectively (fig. 4). Guide cannula placements are shown in

fig. 5 for these rats.

Effects of Intraamygdala 3-FNA on Heroin
Self-administration

SNL significantly reduced the PWT threshold in the animals
used for heroin self-administration relative to sham surgery

SALINE Beta-FNA

-4
¢ Ly

Fig. 5. Cannula placements for B-funaltrexamine (8-FNA) or
saline treatment in animals used for determination of antial-
lodynic effects of heroin after intraamygdala injections. The
cannula placements are shown for animals used to obtain the
data presented in figures 3 and 4.
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Fig. 6. Effects of intraamygdala B-FNA on heroin self-admin-
istration. B-funaltrexamine (B-FNA) or saline (SAL) was in-
jected bilaterally into the lateral amygdale, and rats were
allowed to self-administer infusions of 60 ug/kg heroin be-
ginning 24 h later (mean = SD). n = 5-7/group. *Significantly
different from saline treatment, P < 0.05.
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[F(1,61) = 124, P < 0.0001], and injection of either B-FNA
or saline into the amygdala did not affect PWT in either the
SNL [F(5,61) = 0.3, P = 0.9] or sham-operated group
[F(5,59) = 1.0, P = 0.4]. The mean PWT (mean * SD)
after SNL for rats used for self-administration studies was
2.8 = 0.6 g before B-FNA injection into the amygdala and
2.5 * 0.6 g after injection. The mean = SD PWT for the
sham-operated group was 36.0 £ 6.7 and 33.6 = 7.8 g
before and after B-FNA treatment, respectively.

Heroin (60 pg/kg) maintained rates of self-administra-
tion that were comparable across all groups used for in-
traamygdala injection of saline or B-FNA, and there were no
significant differences between any of these groups for behav-
ior maintained by heroin before intracranial injection
[F(11,61) = 1.0, P = 0.5]. We have previously demon-
strated that rates of self-administration of this dose of heroin
does not differ between SNL and sham-operated rats.” For
the sham-operated group, injection of B-FNA (0.1-2.5
nmol) into the amygdala had no significant effect, compared
with saline [F(5,29) = 2.1, P = 0.1] (fig. 6). Two animals in
the sham-operated group were excluded due to incorrect can-
nula placement. Injection of B-FNA into the lateral
amygdala produced a dose-dependent increase in heroin self-
administration in rats after spinal nerve ligation [F(5,31) =
4.2, P = 0.006] (fig. 6). The effect of 0.5, 1.0, and 2.5 nmol
was significantly different from that of saline in the spinal
nerve-ligated groups (2 = 0.05). Analysis of the self-admin-
istration data obtained 24 h after saline or B-FNA treatment
by two-way ANOVA found a significant main effect
[F(11,61) = 3.3. P = 0.002] and a significant interaction
between B-FNA dose and ligation surgery (sham vs. SNL)
[F(5,61) = 2.5, P = 0.04], with the effect of B-FNA being
greater in the SNL versus sham-operated group (P = 0.05).
The number of infusions of 60 ug/kg heroin self-adminis-
tered in SNL rats remained increased for 9.2 = 2.4 0r 11.2 =
2.3 days after administration of 0.5 or 1.0 nmol B-FNA into
the lateral amygdala, respectively. Heroin self-administration
was increased for 17.5 % 4.8 days after injection of 2.5 nmol

of
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Fig. 7. Effects of intraamygdala injection of B-FNA (2.5 nmol)
in SNL and sham rats with time. Number of infusions of
heroin (60 ng/kg) self-administered hourly for groups of spi-
nal nerve-ligated (SNL; n = 7) or sham (n = 7) rats injected
with 2.5 nmol of B-funaltrexamine (B-FNA) are shown at
selected days after B-FNA treatment (mean = SD). *Signifi-
cantly different from baseline (BSL) data, P = 0.05.

B-FNA into the amygdala of SNL rats, compared with pre-
treatment values. The number of hourly infusions of heroin
self-administered before and during selected days after
B-FNA (2.5 nmol) treatment is shown in figure 7. In sham-
operated rats, there was no significant effect of 2.5 nmol of
B-FNA with time [F(13,97) = 0.8, P = 0.6]; however, the
effect of 2.5 nmol of B-FNA in SNL rats was time dependent
[F(13,97) = 3.5, P = 0.0002]. The guide cannula place-
ments are shown in figure 8 for all rats used in the self-
administration studies.

Discussion

The current study suggests that MORs in the lateral portion
of the amygdala are important for mediating heroin self-

LIGATED SHAM

Fig. 8. Cannula placements for B-funaltrexamine (3-FNA) and
saline treatment in animals used for heroin self-administration
studies following intraamygdala injections. The cannula
placements are shown for spinal nerve-ligated (LIGATED) or
sham-operated (SHAM) animals used to obtain the data pre-
sented in figures 6 and 7.
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administration after SNL in rats, but not in sham-operated
subjects. Stimulation of MOR in this region also appears to
be at least partially responsible for the antiallodynic effects of
opioids in SNL rats, as 3-FNA injection produced a down-
ward shift in the dose-effect curve for heroin, consistent with
noncompetitive antagonism. These data implicate the lateral
part of the amygdala as an important brain area, through
which opioids reverse mechanical hypersensitivity and main-
tain self-administration selectively within the context of neu-
ropathic pain.

The neuroanatomy of MOR within the amygdala sug-
gests a number of potential neuronal populations that might
be important for the maintenance of heroin self-administra-
tion in the presence of peripheral nerve injury. Opioids in-
hibit glutamate release in the lateral amygdala of rats after
hind-paw injection of formalin and block-conditioned place
aversion induced by this model of inflammatory pain.*
MOR activation in the lateral amygdala also inhibits
GABAergic projections to the CeA.** The CeA sends excit-
atory projection neurons to the ventrolateral PAG that are
also inhibited by opioids.” The neurons projecting to the
PAG from the central amygdala, in turn, activate neurons
projecting to the RVM that stimulate descending inhibitory
fibers that produce antinociception.”” Therefore, excitatory
output of the CeA to the PAG increases activation of de-
scending inhibition through the RVM. Stimulation of the
lateral amygdala by glutamatergic inputs increases the firing
of GABAergic fibers that project to the central amygdala,
thereby decreasing descending inhibition of spinal sites
through the PAG-RVM pathway. Therefore, inhibiting ex-
citation within the lateral amygdala should produce an in-
crease in descending inhibition through the central amygdala-
PAG-RVM pathway. This is the proposed mechanism by
which opioids elicit analgesia through the lateral amygdala
and provide a rationale for diminished antiallodynic effects
of heroin produced by injection of B-FNA into this region.
The self-administration data suggest that inhibition of this
circuitry at the level of the lateral amygdala is a key mecha-
nism by which opioids produce reinforcement in the pres-
ence of pain. However, this circuitry does not appear to be
involved in opioid reinforcement in the absence of chronic
pain, given that 3-FNA injected into the lateral amygdala did
not alter heroin self-administration in sham-ligated rats. Al-
though differential involvement of pain-related circuitry has
been suggested to underlie complex behavioral effects of opi-
oids in the presence of chronic pain, the current study iden-
tifies a specific region that is differentially modulated in SNL
and sham-operated rats related to the maintenance of self-
administration, in addition to reflexive withdrawal from a
mechanical stimulus. Identifying the neurotransmitters
and/or neurotransmitter receptors and neuronal subtypes
within the lateral amygdala that are regulated by opioids
during self-administration specifically in SNL rats could lead
to strategies that enhance opioid analgesia in the presence of
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chronic pain without enhancing abuse liability in the ab-
sence of chronic pain, as MOR activation within the lat-
eral amygdala appears to have distinct roles within these
tWO contexts.

An important question to address with drug self-admin-
istration in the presence of pain is whether such studies
model addiction, pain control, or some combination of both.
Previous work suggests that SNL rats acquire heroin self-
administration, at least in part, to alleviate mechanical hy-
persensitivity.” The current study further indicates that stim-
ulation of MOR in the lateral amygdala is more important
for maintaining heroin self-administration in the presence of
chronic pain than in the absence of chronic hypersensitivity.
However, given the myriad of connections between the lat-
eral amygdala and limbic forebrain regions, it should not be
concluded that heroin self-administration in SNL rats is
solely mediated by reversal of mechanical hypersensitivity.
Previous studies have shown that intrathecal administration
of adenosine reverses mechanical hypersensitivity, but fails to
alter opioid self-administration in SNL rats.” Further, the
antiallodynic effects of heroin after intraamygdala adminis-
tration of 2.5 nmol of B-FNA returned to pretreatment levels
at previous time points than heroin intake by self-adminis-
tration. Others have suggested that noxious stimulation de-
presses limbic activity, and that administration of opiates or
other analgesics restores the activity of limbic forebrain sys-
tems to a normal state.”>*” To this end, the lateral amygdala
has important connections with limbic regions that comprise
classic  drug-reinforcement circuitry. The basolateral
amygdala sends excitatory glutamatergic projections to the
nucleus accumbens and medial prefrontal cortex (mPFC),
which are thought to synapse directly on dopaminergic nerve
endings.'®'" Activation of these neurons would therefore be
postulated to produce drug reinforcement. An amygdaloni-
gral pathway has also been described using anterograde label-
ing of projections from the CeA to the substantia nigra as
well as the ventral tegmental area.'? The CeA sends inhibi-
tory GABAergic fibers to the ventral tegmental area, which
modulate the firing of dopaminergic neurons that project to
the nucleus accumbens and ventral pallidum.'®'* Stimula-
tion of these fibers would therefore be postulated to decrease
drug reinforcement. Noxious stimulation decreases the activ-
ity of dopaminergic neurons within the ventral tegmental
area in humans, which likely results in diminished activity in
forebrain projection neurons.”® If the neuronal connections
between these regions that are being modulated by self-ad-
ministered opioids in the presence and absence of pain could
be identified, it may be possible to understand the neurobi-
ological basis of how pain alters drug-reinforcement mecha-
nisms and develop rational strategies for increasing analgesic
efficacy without increasing, or perhaps even decreasing,
abuse liability. Further study of how opioids regulate
amygdala function in the presence of pain may provide novel
targets for chronic pain treatment.
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The BLA sends projections to the prefrontal cortex, and
activity within this circuit is associated with affective-moti-
vational aspects of chronic pain as well as cognitive impair-
ment.”®*? Induction of arthritis by complete Freund adju-
vant in rats results in a disruption of learning in a
reinforcement paradigm, in which rats choose between large
rewards that occur with low probability and small rewards
that occur with high probability.*” The Iowa Gambling Task
is a similar paradigm in which human subjects learn to make
responses that lead to rewards of lower value, but with higher
probability of reinforcement, and learning within this para-
digm requires an intact prefrontal cortex and amygdala in
humans.’*?" Interestingly, chronic pain patients display
similar behavioral deficits with the ITowa Gambling Task as
patients with lesions of the prefrontal cortex or amygdala.>
Induction of chronic inflammatory arthritis in the knee of
rats produces a specific alteration in the control of prefrontal
cortical activity by the BLA, and this alteration is associated
with cognitive disruption in a choice paradigm resembling
the Towa Gambling Task.”” Specifically, the presence of
chronic pain did not influence excitatory input to the mPFC
from the amygdala, but did selectively increase inhibitory
influence of the BLA inputs on mPFC neurons.”® This effect
was blocked by administration of corticotrophin-releasing
factor type 1 antagonists into the BLA. Therefore, the pres-
ence of chronic pain selectively alters the influence of the
BLA on mPFC activity, and these alterations are associated
with cognitive and affective responses to pain. The current
data suggest that altered BLA activity influences opioid-rein-
forcement mechanisms in the presence of pain, and projec-
tions to the mPFC from the BLA is one potential pathway
that may be involved.

It is worth noting that the pharmacology of opioids in
maintaining self-administration could differ, depending
upon the operant paradigms employed. Numerous oper-
ant paradigms have been devised and studied over the past
several decades, and a thorough presentation of the fea-
tures of each are beyond the scope of this discussion.
Although the fixed-ratio paradigm employed in the cur-
rent study is rather easily conceptualized (a fixed number
of lever presses are required for drug infusion with free
access within the session), other paradigms employing
variable ratios or fixed and variable time intervals have
proven useful for examining certain aspects of drug rein-
forcement.>>** Progressive ratio schedules have been em-
ployed to determine how many responses a subject will
emit for drug infusions; however, these schedules have
typically proven of limited value for studying opioids.””
Several operant paradigms have been devised to study im-
pulsivity traits as well, although these have typically not
been used for drug self-administration experiments.*® Ex-
ploration of the effects of chronic pain on opioid self-
administration using different operant paradigms could
provide insights on specific aspects of reinforcement, such
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as impulsivity or reinforcing efficacy, and complement the
current study that has measured rate of heroin intake us-
ing a simple operant task.

In summary, MORs within the lateral portion of the
amygdala are important for opioids in reversing mechanical
hypersensitivity after peripheral nerve injury and in drug
intake through self-administration, specifically in the context
of neuropathic pain. Three distinct output systems from the
lateral amygdala are potentially involved. One system is the
ascending dopaminergic projections from the ventral teg-
mental area to limbic forebrain areas classically identified as
important for drug reinforcement. Another system is the
descending modulation of nociception that involves the
PAG and RVM. Finally, the control of the prefrontal cortex
by the lateral amygdala has been shown to be specifically
altered within the context of pain and to produce alterations
in complex cognitive behaviors. Future research will be
aimed at determining the relative involvement of these sys-
tems in the maintenance of heroin self-administration in rats
with neuropathic pain.

The authors would like to thank Timothy Houle, Ph.D., Assistant
Professor, Department of Anesthesiology, Wake Forest University
School of Medicine (Winston-Salem, NC) for his assistance with
statistical analyses.

References

1. Lyness WH, Smith FL, Heavner JE, Iacono CU, Garvin RD:
Morphine self-administration in the rat during adjuvant-in-
duced arthritis. Life Sci 1989; 45:2217-24

2. Colpaert FC, Meert T, De Witte P, Schmitt P: Further evi-
dence validating adjuvant arthritis as an experimental model
of chronic pain in the rat. Life Sci 1982; 31:67-75

3. Colpaert FC, Taraye JP, Alliaga M, Bruins Slot LA, Attal N, Koek W:
Opioid self-administration as a measure of chronic nociceptive
pain in arthritic rats. Pain 2001; 91:33-45

4. Dib B, Duclaux R: Intracerebroventricular selfinjection of mor-
phine in response to pain in the rat. Pain 1982; 13:395-406

5. Martin TJ, Kim SA, Buechler NL, Porreca F, Eisenach JC:
Opioid self-administration in the nerve-injured rat: Relevance of
antiallodynic effects to drug consumption and effects of intra-
thecal analgesics. ANESTHESIOLOGY 2007; 106:312-22

6. Pert CB, Kuhar M]J, Snyder SH: Opiate receptor: Autoradio-
graphic localization in rat brain. Proc Nat Acad Sci USA 1976;
73:3729-33

7. Shin MS, Helmstetter FJ: Antinociception following applica-
tion of DAMGO to the basolateral amygdala results from a
direct interaction of DAMGO with w opioid receptors in the
amygdala. Brain Res 2005; 1064:56 - 65

8. Zubieta JK, Smith YR, Bueller JA, Xu Y, Kilbourn MR, Jewett
DM, Meyer CR, Koeppe RA, Stohler CS: Regional p opioid
receptor regulation of sensory and affective dimensions of
pain. Science 2001; 293:311-5

9. Finnegan TF, Chen SR, Pan HL: Effect of the w opioid on
excitatory and inhibitory synaptic inputs to periaqueductal
gray-projecting neurons in the amygdala. J Exp Pharmacol
Ther 2005; 312:441-8

10. Brog JS, Salyapongse A, Deutch AY, Zahm DS: The patterns of
afferent striatum: Immunohistochemical detection of retrogradely
transported fluoro-gold. ] Comp Neurol 1993; 338:255-78

11. Wright CI, Beijer AV, Groenewegen HJ: Basal amygdaloid
complex afferents to the nucleus accumbens are compart-
mentally organized. J] Neurosci 1996; 16:1877-93

Anesthesiology 2011; 114:633-42

641

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Gonzales C, Chesselet MF: Amygdalonigral pathway: An an-
terograde study in the rat with Phaseolus vulgaris leucoag-
glutinin (PHA-L). J Comp Neurol 1990; 297:182-200

Everitt BJ, Parkinson JA, Olmstead MC, Arroyo M, Robledo P,
Robbins TW: Associative processes in addiction and reward.
The role of the amygdala-ventral striatal subsystems Ann N'Y
Acad Sci 1999; 877:412-38

Parkinson JA, Robbins TW, Everitt BJ: Dissociable roles of
the central and basolateral amygdala in appetitive emotional
learning. Eur J Neurosci 2000; 12:405-13

Weeks JR: Experimental morphine addiction: Methods for
automatic intravenous injections in unrestrained rats. Sci-
ence 1962; 138:143-4

Martin TJ, Walker LE, Sizemore GM, Smith JE, Dworkin SI:
Within-session determination of dose-response curves for
heroin self-administration in rats: Comparison with between-
session determination and effects of naltrexone. Drug Alc
Depend 1996; 41:93-100

Brown ZW, Amit Z, Weeks JR: Simple flow-through swivel
for infusions into unrestrained animals. Pharmacol Biochem
Behav 1976; 5:363-5

Kim SH, Chung JM: An experimental model for peripheral
neuropathy produced by segmental spinal nerve ligation in
the rat. Pain 1992; 50:355-63

Martin TJ, Kahn WR, Xiao R, Childers SR: Differential re-
gional effects of methadone maintenance compared with
heroin dependence on p-opioid receptor desensitization in
rat brain. Synapse 2007; 61:176-84

Sim 1J, Selley DE, Childers SR: In vitro autoradiography of
receptor-activated G-proteins in rat brain by agonist-stimu-
lated guanylyl-5’-{gamma-[*>S]thio-triphosphate binding.
Proc Nat Acad Sci U S A 1995; 92:7242-6

Nichols ML, Bian D, Ossipov MH, Lai J, Porreca F: Regulation
of morphine anti-allodynic efficacy by cholecystokinin in a
model of neuropathic pain in rats. J Pharmacol Exp Ther
1995; 275:1339-45

Kluver H, Barrera E: A method for the combined staining of
cells and fibers in the nervous system. J] Neuropathol Exp
Neurol 1953; 12:400-3

Deyama S, Yamamoto J, Machida T, Tanimoto S, Nakagawa T,
Kaneko S, Satoh M, Minami M: Inhibition of glutamatergic
transmission by morphine in the basolateral amygdaloid nu-
cleus reduces pain-induced aversion. Neurosci Res 2007,
59:199-204

Finnegan TF, Chen SR, Pan HL: u opioid receptor activation
inhibits GABAergic inputs to basolateral amygdala neurons
through Kv1.1/1.2 channels. J Neurophysiol 2006; 95:
2029-30

Bausbaum Al, Fields HL: Endogenous pain control systems:
Brainstem spinal pathways and endorphin circuitry. Annu
Rev Neurosci 1984; 7:309 -38

Pereira Do Carmo G, Stevenson GW, Carlezon WA, Negus SS:
Effects of pain- and analgesia-related manipulations on intra-
cranial self-stimulation in rats: Further studies on pain-de-
pressed behavior. Pain 2009; 144:170-7

Narita M, Ozaki S, Narita M, Ise Y, Yajima Y, Suzuki T:
Change in the expression of c-fos in the rat brain following
sciatic nerve ligation. Neurosci Lett 2003; 352:231-3

Ji G, Sun H, Fu Y, Li Z, Pais-Vieira M, Galhardo V, Neugebauer
V: Cognitive impairment in pain through amygdala-driven pre-
frontal cortical deactivation. J Neurosci 2010; 30:5451-64
Pais-Vieira M, Mendes-Pinto MM, Lima D, Galhardo V: Cog-
nitive impairment of prefrontal-dependent decision-making
in rats after the onset of chronic pain. Neuroscience 2009;
161:671-9

Bechara A, Damasio AR, Damasio H, Anderson SW: Insensi-
tivity to future consequences following damage to human
prefrontal cortex. Cognition 1994; 50:7-15

Martin et al.

20z I1dy 91 uo 3senb Aq pd-0£000-000€01 L 0Z-2¥S0000/LESEST/EEI/E/Y L L/ypd-Blonie/ABOojoISaYISaUE/WOD JIeYDIBA|IS ZESE//:d)Y WOl papeojumoq



Amygdala Mediates Effects of Heroin in SNL Rats

31. Bechara A, Damasio H, Tranel D, Damasio AR: Deciding 34. Katz JL: Models of relative reinforcing efficacy of drugs and

advantageously before knowing the advantageous strategy. their predictive utility. Behav Pharmacol 1990; 1:283-301
Science 1997; 275:1293-5 35. Arnold JM, Roberts DC: A critique of fixed and progressive ratio
32. Apkarian AV, Sosa Y, Krauss BR, Thomas PS, Fredrickson BE, schedules used to examine the neural substrates of drug rein-
Levy R, Harden RN: Chronic pain patients are impaired on an forcement.  Pharmacol Biochem Behav 1997; 57:
emotional  decision-making  task. Pain  2004; 108: 441-7
129-36 36. Winstanley CA, Eagle DM, Robbins TW: Behavioral models of
33. Spealman RD, Goldberg SR: Drug self-administration by lab- impulsivity in relation to ADHD: Translation between clinical
oratory animals: Control by schedules of reinforcement. and preclinical studies. Clin Psychol Rev 2006; 26:
Annu Rev Pharmacol Toxicol 1978; 18:313-39 379-95

ANESTHESIOLOGY REFLECTIONS

Preparing Local Anesthetics with Kersten’s Apparatus

On December 21, 1920, Herbert R. Kersten of Boston was granted U.S. Patent No. 1,362,873 for his
“Apparatus for Use in Preparing Anesthetics” (@bove). According to Kersten, prior to his invention, “pills”
of dry local anesthetics were dissolved in solutions “brought to boil” in fragile glass or porcelain dishes
which were flat enough to waste these expensive agents. He designed his apparatus with a metal cup
with a “conical bottom . . . to concentrate the dregs . . . without requiring tilting or other manipulation of
the dish” and to facilitate the syringing out of “expensive” local anesthetic as needed. Kersten soon ran a
small business empire selling nothing but “dental cups” and his namesake apparatus out of a 6th-floor
office of Boston’s upscale Washington Building. Components of Kersten’s Apparatus may have been
scavenged from or supplied by his original office mate, a watch-case repairman! (Copyright © the
American Society of Anesthesiologists, Inc. This image also appears in the Anesthesiology Reflections
online collection available at www.anesthesiology.org.)

George S. Bause, M.D., M.P.H., Honorary Curator, ASA’s Wood Library-Museum of Anesthesiology,
Park Ridge, llinois, and Clinical Associate Professor, Case Western Reserve University, Cleveland, Ohio.
UJYC@aol.com.
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