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DIRKSEN, R., D. VAN DIEJEN, E. L. JJM. VAN LUIJTELAAR AND L. H. D. J. BOOlJ. Site- and test-depen-
dent antinociceptive efficacy of amitriptyline in rats. PHARMACOL BIOCHEM BEHAV 47(1) 21-26, 1994. — The antino-
ciceptive efficacy of systemic- (IV), spinal- (IT), and global supraspinal (ICV)-administered amitriptyline (AMIT) was com-
pared in three different tests for nociception: the hot-plate test, the tail-flick test, and the withdrawal reflex test. Systemic
AMIT inhibited the responses in each of the three tests, with distinct dose-effect relationships. Spinal AMIT reduced in a
dose-dependent fashion the force of withdrawal to noxious electrical stimulation but was ineffective in the hot-plate test and
facilitated the responses in the tail-flick test. Supraspinal AMIT inhibited in a dose-dependent fashion the response to the
stimulus of the hot plate, reduced the force of withdrawal after a dose that was effective by the IV route, and again facilitated
the responses in the tail-flick test. The results suggest that spinal sites mediate the inhibition of the withdrawal reflex and the
supraspinal site the inhibition of the hot-plate test. Two conclusion are drawn: First, AMIT’s site of action varies among the
pain modalities; and, second, augmentation of the reactions can occur. The complex interaction accords with the clinical

experience that the benefits of AMIT in pain treatment are hard to predict.
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Antinociception Pain Rat

THERAPEUTIC effects of tricyclic antidepressant drugs in
the treatment of pain have been reported in many studies
(3,15,19,22,29). Among the antidepressant drugs, amitripty-
line (AMIT) is often used. Clinical reports show that the anal-
gesic efficacy of AMIT varies extremely (18,20,23,32), and the
reason for this is unknown. Also, the mechanisms by which
antidepressants may affect chronic pain remain unclear, al-
though Ward et al. (30) suggested that imbalances in biogenic
amines in the CNS may modify the modulation of pain in
the paleospinothalamic tract. Within this framework, many
animal studies are performed. IT injection of AMIT failed
to cause antinociception in thermal algesic tests (2,17,26), in
contrast to what was anticipated (30). Systemic or ICV admin-
istration of AMIT resulted in behaviourally defined antinoci-
ceptive effects (1,4,24,25,27,28), while in other studies sys-
temic AMIT was shown to have no effects in acute and
chronic experiments (2,13).

This diversity of effectiveness of AMIT in both human and
animal studies might be due to the complexity of the pain
system (6), with the various emotional and motivational di-
mensions that exist in the various types of pains. Therefore, it
is necessary to use different types of tests of nociception to
capture various pain modalities and dimensions. In this study,
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a comparison is made between global supraspinal (ICV), sys-
temic (IV), and spinal (IT) administration of AMIT in three
different tests for nociception. Within the heat modality, two
different tests are used because it has been shown that the
tail-flick and hot-plate tests will yield different effects follow-
ing administration of pentazocine (9). A second modality is
noxious transcutaneous electrical stimulation that causes a
withdrawal reflex (8). For each of these tests and each of
these routes of administration, a dose-effect relationship is
uncovered.

METHOD
Experimental Animals

Drug-naive male Wistar rats of the outbred strain Cpb WU
(CPB-TNO, Zecist, The Netherlands) with a body weight of
250-300 g were used. Preexperimental conditions were stan-
dardized. Five animals were housed together in a macrolon
cage and received standard food and tapwater ad lib. They
were kept on a 12 L : 12 D cycle with white lights on at 8:00
a.m. and the environmental temperature was constantly 21°C.
After chronic cannulation of the subarachnoid or ventricular
space, animals were housed separately.
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Preparations

IT preparation. Rats (n = 106) anaesthetised with isoflur-
ane were equipped with a polyethylene catheter (PE-10) into
the lumbar subarachnoid space through an opening made into
the atlantooccipital membrane according to a procedure de-
scribed by Yaksh and Rudy (31). Animals showing gross mo-
tor disturbances after full recovery from the anaesthesia were
discarded. Animals were allowed to recover for 12 days prior
to the start of the experiments.

ICV preparation. Rats (n = 69) anaesthetised with isoflur-
ane were placed in a stereotaxic frame for left-sided implanta-
tion of a polyethylene cannula (PT-97). The cannula was
placed 4.0 mm below the skull surface. According to the coor-
dinate system of Konig and Klippel (16), the following coordi-
nates were chosen: AP +6.1, L 1.4. After placement, the
cannula was fixed to the skull with acrylic dental cement (Pa-
ladur). Animals were allowed to recover for 7-10 days.

Drug Injections

The drug administered was amitriptyline HClI (Sigma
Chemical Co., The Netherlands). The solvent was NaCl 0.9%.
Solutes were freshly prepared shortly before administration.
Dosages refer to the salt. Control experiments included the
injections of the solvent by routes of administration similar to
that of the experimental drug. IT and ICV injections were
carried out using a calibrated gear-driven microinjector.

IV injections were performed directly in a tail vein (n =
42) or through the intrajugular catheter (n = 45). The dosages
used were: 0.25, 1, 2, 4, 6, 8, and 16 mg/kg. The drug was
delivered in a volume of 0.1 ml/kg. The catheter wash was
0.25 ml.

For an IT injection, AMIT was solved in NaCl 0.9%. The
dosage used were: 10, 25, 50, and 100 ug. The dose was admin-
istered in 10 pl, and the catheter was subsequently flushed
with a volume of 10 ul NaCl 0.9% (catheter volume is 7 ul).
Six hours after IT injection of AMIT, the position of the
cannula was verified by assessing the effectiveness of a single
IT dose of 10 ul lidocaine 2%. The data of rats not exhibiting
a clear suppression of withdrawal or paralysis of the hind legs
after IT injection of lidocaine were excluded.

For ICV injections, AMIT was solved in NaCl 0.9%. The
dosages used were: 10, 50, 100, 200, and 300 ug. The dose
was administered in 5 ul. The catheter was subsequently
flushed with a volume of 10 ul NaCl 0.9% (catheter volume is
7 ul). At the end of an experiment, the position of the cannula
was verified by injection of 10 ul of a solution of methylene
blue. Results from animals not exhibiting a clear distribution
of methylene blue in the ventricular system were excluded.

Tests for Nociception

The three tests of nociception were performed at an envi-
ronmental temperature of 21°C.

Thermal algesic tests. The thermal algesic tests used were
the hot plate and the tail-flick tests and these were performed
in this order. The hot plate was maintained at 52.5°C. In this
test, the interval was measured between the time the rat was
placed on the hot plate and the time it started to lick a hind
paw. The tail-flick was evoked by placing the tail of an animal
over a slit under which a halogen projection lamp (300 W)
was placed. In this test, the interval was measured between
the time the light was switched on and the time the tail was
flicked away. In both tests, these intervals are known as the
response latencies (RLs). If a response was absent, tissue dam-
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age was limited by an empirically assessed standard cutoff
time of 60 s in the hotplate test and 30 s in the tail-flick test.
Response latencies were assessed prior to drug injection and
at intervals of §, 10, 15, 30, 60, 90, 120, and 240 min after
injection.

Noxious induced withdrawal reflexes (NIWRs). A rat was
anaesthetised with an IP injection of urethane (1.2 g/kg) to
allow cannulation of the right internal jugular vein, trachea,
and right carotid artery. Anaesthesia was supplemented and
maintained by adding IV aliquots of urethane after cannula-
tion of the jugular vein (three doses in 0.5 h and to a total of
0.2 g/kg). The rat was then placed on the experimentation
table. The right hind paw was mounted in a shoe that con-
tained two electrodes for bipolar stimulation (Grass Stimula-
tor S88, with stimulus isolation unit SIU 5, and constant-
current unit CCU 1A). Stimulation parameters were set to
4-ms pulse duration, 7.5-mA stimulus strength, 100-Hz pulse
frequency, in a train of 500-ms duration, and a repetition rate
of 12.5 mHz (0.75 min™"') for the trains. The hind paw was
connected to a force transducer (Grass FT 03C), which mea-
sured the force of the withdrawal response to the electrical
stimulus. Determination of drug effects on the withdrawal
reflex started 1 h after termination of the surgical preparation.
During this interval, parameters were stabilised (8).

Measures

Hotplate and tail-flick tests. The effect was defined as the
maximum change within 30 min after injecting the drug. The
maximum percentages of effect (MPEs) after injection of the
drug were compared with those after injection of saline.

The MPE for each animal was calculated as

_ postinjection RL — preinjection RL
cutoff time — preinjection RL

MPE

X 100,

where the postinjection response latency is the maximum
change in latency after injection of drug or saline. If the post-
injection response latency was shorter than the preinjection
response latency, the denominator was the preinjection re-
sponse latency.

NIWRs. The individual baseline withdrawal force (ex-
pressed in g) was measured over a 20-min period. The average
of the baseline responses was calculated and served to deter-
mine the individual relative responses expressed as percentage
of this mean baseline response (8). The effect is defined as the
difference between the mean of the baseline responses (100%)
and the minimum response after injection of the drug.

Statistical Analysis

The percentages of effect were analysed with a one-way
analysis of variance (ANOVA). If appropriate, a test was sup-
plemented with Scheffé’s method for multiple comparisons. A
difference yielding a p value of less than 0.05 was considered
significant. Each data point is derived from measurements in
a minimum of six rats and is given as mean and SEM. The
equation of the sigmoid E,,, model (14) was fitted to the dose-
response data to obtain three parameter estimates (E,., =
maximum effect; y = exponent that determines the shape of
the curve; and ED,, = dose causing 50% of the effect).

RESULTS

Predrug Responses and Control Data

The predrug response latencies in the hot-plate test were
different for rats that had been implanted with IT or ICV
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catheters (21 + 1o0r23 + 1s, respectively) and those without
(17 = 1) (ANOVA, p < 0.01). The predrug tail-flick re-
sponse latencies were not different among rats with or without
an indwelling catheter. The coefficients of variation were of a
similar magnitude for the hotplate and tail-flick test (38 and
27%, respectively) and substantially lower for the NIWR test
that uses the anaesthetised rats (6%). Because the baseline
response latencies in the hot-plate test were different, it was
decided to compare the relative change in response to injection
of AMIT (% effect). Injection of solvent by the 1V, IT, or
ICV route did not result in responses different from preinjec-
tion values.

1V Administration of AMIT

After IV injections of AMIT, the response latencies in the
hot-plate and tail-flick tests were increased (ANOVA, p <
0.0001). The magnitude of the withdrawal response to noxious
electrical stimulation was likewise inhibited (ANOVA, p <
0.0001). The dose-effect relationship is provided by the pa-
rameter estimates obtained by fitting the data of each test and
each route of administration to the equation of the sigmoid
E,_ ., model (14).

Figure 1 shows the relationships between the dose and the
inhibitory effect of IV AMIT. The three curves are obtained
by fitting the data to the equation of the dose-effect relation-
ship. The parameter estimates v (the exponent) and EDy, for
each test are shown in Table 1. The E,,, reached the maximum
of 100% in all tests and is therefore omitted in Table 1. The
ED,, was different for each test of nociception. The y of the
dose-effect relationships in the hot-plate and tail-flick tests
was different from the NIWR (p = 0.03 and 0.011, respec-
tively).

AMIT caused also a reduction in the blood pressures of
anaesthetised rats (p < 0.0001). Fitting the equation to the
data on the diastolic blood pressures yielded the parameter
estimates E_,, (40 £ 17% reduction), ED,, (0.7 £ 0.6 mg/
kg), and the exponent (1.1 + 1.4). The parameter estimates
of fitting the equation to the data of the systolic blood pres-
sures were: E,_ ., of 35 £ 9% reduction; EDg, 1.0 = 0.6 mg/
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FIG. 1. Dose-response relationships of IV amitriptyline in three tests
for nociception. It shows inhibition of the responses: elicited by elec-
trical stimulation (-A-); in the hotplate test (-M-); and in the tail-flick
test (-#-). Each symbol represents the mean of data obtained from
measurements in a minimum of six rats; the bars represent the SEM
(parameter estimates of the dose-response curves are given in Table

1).
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TABLE 1

PARAMETER ESTIMATES (+SE OF THE ESTIMATE) OF
FITTING THE EQUATION OF THE SIGMOID E,,, MODEL
TO THE DATA OF IV AMITRIPTYLINE

Parameter estimate HP TF NIWR
L% 2.9 + 0.6* 3.7 £ 0.8* 1.6 £ 0.1
EDy, 1.9 + 0.1° 6.0 + 0.3° 1.0 + 0.04°

HP, hotplate test; TF, tail-flick test; NIWR, noxious induced
withdrawal reflex; vy, parameter that determines the shape of the dose-
response curve (*different from that in the NIWR); ED, (mg/kg;
different from the other tests).

kg; and the exponent 1.2 + 0.7. Other miscellaneous effects
of IV injections included: a short period of sitting motionless
after injection of 8 mg/kg and almost instantaneous respira-
tory arrest, cyanosis, and death in the unanaesthetised rat
after injection of 16 mg/kg. The latter dose caused cardiovas-
cular collapse and death in the artificially ventilated and an-
aesthetised rat.

IT AMIT

AMIT in a dose of 10, 20, 25, or 50 ug did not result in a
change of the hot plate response latencies in the first 30 min
after IT injection (p = 0.2) (Fig. 2). The tail-flick response
latencies were reduced after injection of these dosages (p =
0.004). Posthoc evaluation showed a difference between vehi-
cle- and drug-treated animals but no difference among the
doses. The responses varied to a greater extent than predrug,
as evidenced by a coefficient of variation that ranged between
40 and 80%.

Slight changes in motor control after IT injection of 50 ug
were indicated by perturbed motor coordination; however,
during handling muscle strength appeared to be normal. IT
injection of 75 and 100 ug resulted in the inability of animals
to support the hind part of the body and this lasted 20 and 30
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FIG. 2. Dose-response relationships of IT amitriptyline in three tests
for nociception. The equation of the sigmoid E,-model is fitted to
the data on the inhibition of the response elicited by electrical stimula-
tion (-A-). The data on the responses in the hotplate test (-l8-) and
in the tail-flick test (-#-) are presented in line graphs. Each symbol
represents the mean of data obtained from measurements in a mini-
mumm of six rats; the bars represent the SEM.
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min, respectively (p < 0.01). The response latencies at recov-
ery from impaired motor control after injection of 100 ug
were not different from the baseline latencies.

Approximately 60-90 min after IT injections of AMIT and
irrespective of the dose, the hot plate response latencies had
increased to 60 s (cutoff time). At this time, the tail-flick
response latencies were not different from baseline values.

The responses to noxious electrical stimulation were inhib-
ited in a dose-dependent fashion (p < 0.0001) (Fig. 2). The
estimate of v (1.9 + 0.4) is of the same magnitude as that for
IV AMIT. The ED,; is 14.4 + 1.9 pg, which is 20-fold lower
than the ED,, after IV AMIT.

The magnitude of the reduction of the blood pressures
depended on the dose (p < 0.003). The diastolic blood pres-
sures had reduced with 5 + 10, 28 + 5, 30 + 7, and 39 =+
3% after 10, 25, 50, and 100 pug, respectively. These dosages
caused a reduction of the systolic blood pressures of 5 + 4,
12.5 + 2,13 + 3, and 18 + 2%, respectively.

ICV AMIT

ICV injections of AMIT resulted in a dose-dependent in-
crease of the hotplate response latencies (p < 0.001) (Fig. 3).
The EDs, (100 + 30 ug) is fivefold lower than that of IV
AMIT. The parameter estimate of the exponent (1.4 + 0.5)is
of the same magnitude as that derived from using the NIWR
test.

The tail-flick response latencies were reduced in a dose-
dependent fashion (behaviourally defined “hyperalgesia”)
(p < 0.001) (Fig. 3). The change of hot plate response latenc-
ies started within 5 min and that of the tail-flick test after an
interval of 15 min.

ICV injections resulted in a decrease of the magnitude of
the force of withdrawal elicited by noxious electrical at the
dose of 300 ug (p = 0.0035) but not after injections of 10 or
100 ug (Fig. 3). The magnitude of effect after ICV or IV
administrations of 300 ug is not different (42 + 8, and 52 +
5%, respectively; p = 0.31). The magnitude of the reduction
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FIG. 3. Dose-response relationship of ICV amitriptyline in three
tests for nociception. The equation of the sigmoid E,,,-model is fitted
to the data on the inhibition of the responses to the stimulus of the
hotplate (-l-). The data on the responses elicited by electrical stimula-
tion (-A-) and the responses elicited in the tail-flick test (-#-) are
presented in line graphs. Each symbol represents the mean of data
obtained from measurements in a minimum of six rats; the bars repre-
sent the SEM.
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TABLE 2

SUMMARY OF THE OUTCOME OF THE THREE TESTS
FOR NOCICEPTION IN RELATIONSHIP TO THE
ROUTE OF ADMINISTRATION OF AMIT

Heat Electrical
Tail-Flick Test  Hotplate Test NIWR Test
Systemic (IV) 1 i !
Supraspinal (ICV) t ! 1*
Spinal (IT) 1 - i

taugmented response (behaviourally defined hyperalgesia); lin-
hibited response (behaviourally defined analgesia), (*) only after a
dose that has the same effect by the systemic route; —no change of
the responses.

of the blood pressures depended on the dose (p < 0.003).
The diastolic blood pressures had reduced with 20.1 + 9.6,
19.2 + 7.6,and 46.3 + 3.4% after 10, 100, or 300 ug, respec-
tively. These dosages caused a reduction of the systolic blood
pressures of 5 + 3, 14 + 3, and 20 + 4%, respectively.
Table 2 gives a summary of the effects in the three tests of
nociception in relationship to the route of administration.

DISCUSSION

AMIT is generally considered to be an agent that can be
effective in the treatment of pain (29). The general outcome
of the present study accords with the presence of intrinsic
analgesic effects after systemic administration of AMIT. The
reactions to different types of noxious stimuli were found to
be consistently inhibited by systemic AMIT in a dose-
dependent fashion. The inhibition of the responses after
AMIT in the hotplate test was earlier found by Tura and Tura
(20), and this study adds the relationship between dose and
inhibitory effect. The inhibition of the responses elicited in
the tail-flick test was dependent on the dose of AMIT and this
confirms results of earlier studies (5,24,25,28). AMIT inhibits
in a dose-dependent fashion the responses in the NIWR test,
which suggests that the inhibitory effect is not limited to the
heat modality of pain. The results in the NIWR test are similar
to those induced by other types of analgesics such as nicomor-
phine, morphine, and pentazocine (9,11,12).

That systemic AMIT has a consistent inhibitory effect in
each of the three tests of nociception is not counterpart of
sameness of dose-effect relationship. The mathematical anal-
ysis yielded different values of the parameter estimates v and
EDy,, which shows that each test of nociception results in
a distinct dose-effect relationship. In addition, IT and ICV
injections of AMIT proved to have differential effects in each
of the three tests of nociception. Thus, we found that AMIT
has distinct dose-effect relationships and different sites of
action when different modalities of pain are used. The sites of
action and effects of IT and ICV AMIT are discussed further.

It was found that AMIT may take effect at a spinal or
supraspinal site. Whether the first or the latter site is involved
seems to depend on the type of test. In the hot-plate test, ICV
AMIT inhibits the responses; in contrast, IT AMIT is not
effective. When the NIWR is used to test nociception, it is
found that IT injections results in a dose-dependent inhibitory
effect. In this test, only the ICV injection of the highest dose
(300 ug) of AMIT has an effect. However, the body weight of
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rats is 250-300 g and accordingly the 300-ug dose is close to 1
mg/kg. Because the systemic injection of 1 mg/kg AMIT re-
sults in a similar effectiveness and lower dose by ICV route
proved ineffective, distant rather than local effects are in-
volved. Together, we propose that the NIWR is inhibited by
spinal sites of action.

The tail-flick test yields results at variance. Earlier studies
have reported on the absence of an inhibitory effect in this
test after systemic or IT AMIT (2,26), which in itself is not
contradictory with the antinociceptive potency of a substance
(9). However, our data show that both IT and ICV injection
of AMIT result in shortened and scattered response latencies,
suggesting behaviourally defined hyperalgesia. The augmen-
tation of the responses in the tail-flick test after IT and ICV
AMIT is opposite to the inhibition after the systemic injec-
tions, and the presence of counteracting effects might be re-
lated to the finding that the EDy, of AMIT in the tail-flick
test is substantially higher (and thus the efficacy lower) com-
pared to that in the two other tests for nociception.

Two effects observed during the experiments remain to be
discussed: first, the delayed effect after IT AMIT in the hot-
plate test; and, second, the reduction in the blood pressures.
The first effect is a dose-independent increase of the hotplate
response latencies that occurred approximately 60-90 min
after IT injection of AMIT. At this interval, the responses of
the tail-flick or NIWR tests were not different from baseline
values. The independency of dose and this effect may indicate
a nonspecific phenomenon. Another possibility is that AMIT,
or metabolites, migrates from the spinal site of injection to su-
praspinal sites. The rostrad ascend of intrathecally injected
drugs was earlier proposed to explain delayed supraspinal ef-
fects in rats after IT injection of somatostatin (10) or bupiva-
caine (7). Noteworthy, the supraspinal actions of ICV AMIT
have likewise caused a change of the response latencies in the
hot-plate test, but not an inhibitory effect in the two other tests.
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AMIT is known to cause cardiovascular side effects (21).
In our study, AMIT causes a relevant and dose-dependent
reduction of blood pressures after IT, ICV, or IV drug injec-
tions. Both IT and ICV injections cause hypotensive effects,
which indicates that this effect of AMIT is caused by an action
not confined to the spinal or supraspinal site. This contrasts
with the site dependency of the antinociceptive effects. More-
over, the responses in the tail-flick test were enhanced after
the same IT or ICV doses of AMIT that caused relevant reduc-
tions of blood pressures. This means that the actions of AMIT
that result in changes of blood pressures and nociception are
separate. Yet, the cardiovascular effects of AMIT explain a
difference in results in our and two earlier studies. The earlier
studies reported dwindling down of effect at increasing IP
dose (24,28), whereas such a phenomenon was absent in our
study. Cardiovascular perturbation is known to affect drug
uptake from the site of injection into the blood. The direct
injection into the blood used in our study avoids the impact
of the uptake kinetics of a drug.

In conclusion, systemically administered AMIT results in a
dose-dependent antinociceptive effect in each of the three tests
of nociception. The effectiveness of amitriptyline in the hot-
plate test relies on an inhibitory effect at the supraspinal level,
whereas the inhibition of a withdrawal reflex elicited with
transcutaneous electrical stimulation relies on a spinal inhibi-
tory effect. IT or ICV injections result in a facilitated response
in the tail-flick test, which means that the mechanism of an
inhibitory effect after IV injections is a different one.
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