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Fentanyl Suppression of Nociceptive Neurons
in the Superficial Dorsal Horn of the Cat

Yukihiro Kumeta, M.D.,* Kenji Murata, M.D.,* Luke M. Kitahata, M.D., Ph.D.,t
Mitsuru Aoki, M.D.,* Yuji Nishio, M.D.,* J. G. Collins, Ph.D.t

This study was designed to examine the influence of spinally
administered fentanyl on the spontaneous and noxiously evoked
activity of high threshold (HT) and wide dynamic range (WDR)
neurons in the superficial layers (lamina I and II) of the dorsal horn
of cats made decerebrate and in which the spinal cord had been
transected. Single unit activity was recorded using extracellular mi-
croelectrode recording techniques. Neuronal activity was evoked by
the presentation of noxious radiant heat (51° C) to the cells’ recep-
tive ficlds on the hind paws. Evoked activity of WDR neurons was
monitored, both before and after the spinal administration of either
10 pg (n = 9) or 25 ug (n = 10) of fentanyl. HT neurons were
examined before and after cither 25 ug (n = 7) or 50 ug (n = 7) of
spinally administered fentanyl. In all cases 31 min after fentanyl
administration naloxone (0.1 mg) was administered intravenously
(iv), and its antagonistic effect on the fentanyl suppression was
determined. All doses of fentanyl tested suppressed both spontane-
ous and evoked activity of both types of neurons. Within 30 minutes
10 and 25 pg of fentinyl reduced the mean evoked activity of WDR
neurons to 61% and 19% of control values, respectively, and 25 and
50.ug of fentanyl reduced the mean cvoked activity of HT neurons
to 70% and 47% of control values, respectively. Naloxone reversed
the suppression seen in all cells studied. The results of the present
study demonstrate that HT necurons are significantly less sup-
pressed by the spinal administration of fentanyl than WDR neurons
located in the same superficial layers of the dorsal horn. This dif-
ference in the sensitivity of HT neurons and WDR neurons to fen-
tanyl suppression may reflect an important difference in the mecha-
nisms of spinal opiate analgesia. (Key words: Analgesics: fentanyl.
Spinal cord: high threshold neuron; wide dynamic range neuron.)

THE DORSAL HORN of the spinal cord is the site of the
first synaptic relay in afferent pathways and has been
recognized as an important site for modifying the
transmission of noxious input. Neurons in the dorsal
horn thought to be responsible for relaying afferent
pain information to higher centers are wide dynamic
range (WDR) neurons and high threshold (HT)
neurons.! WDR neurons have been reported in Rexed
laminae 1, 11, IV, V, and VI, and HT neurons in lami-
nae I and I1.'-7 The superficial layers of the dorsal horn
(laminae I and 1I) also have specific opiate receptors.®*
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Recent interest has centered on the importance of
spinal pharmacology in relation to the blocking of pain
transmission. It is generally agreed that opiates suppress
the evoked activity of WDR neurons in the deep layers
(laminae 1V, V, and V1) of the dorsal horn,'%-!'% but the
effect of opiates on the activity of WDR neurons and
HT neurons in the superficial layers is controver-
sial.'o"ﬁ'”

The present study was designed to examine the ef-
fects of spinally administered opioids on the activity of
both HT and WDR neurons in the superficial layers of
the dorsal horn. In contrast to our earlier study, we
have examined the effects of the more lipid-soluble fen-
tanyl administered intrathecally rather than intrave-
nously (iv) to better understand the mechanism of ac-
tion of intrathecally administered opioids. The adminis-
tration of a lipid-soluble drug decreased concerns about
the ability of the drug to quickly gain access to the dor-
sal horn. Results from this study will also enable us to
compare the opiate effect on superficial WDR neurons
with previously reported effects on the WDR neurons
located deeper in the lamina propria.'®

Materials and Methods

This study was. approved by the Yale Animal Care
and Use Committee, and appropriate guidelines for the
humane care and use of animals were observed during
all aspects of this study. Thirty-three cats of both sexes
(weighing 3.2-4.7 kg) were used. During general anes-
thesia (halothane-nitrous oxide-oxygen) a jugular vein
and a carotid artery were catheterized to provide routes
for (iv) fluid and drug administration and monitoring of
arterial blood pressure. A tracheostomy was performed,
and the animals were paralyzed with pancuronium bro-
mide (0.1-0.15 mg- kg™'+h™') and mechanically venti-
lated. End-tidal CO5 was monitored and maintained be-
tween 3.0% and 4.0%. The animals were then placed in
a stereotaxic apparatus and rendered decerebrate by
placing bilateral electrolytic lesions in the midbrain re-
ticular formation. The spinal cord was transected at
T-11 or T-12 (spinal cord transection allowed us to
monitor fentanyl effects on the dorsal horn of the spinal
cord in the absence of descending supraspinal influ-
ences). A laminectomy was then performed at L4-6.
The dura was cut and reflected, and the arachnoid was
removed at the site of microelectrode placement. The
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TABLE 1. Modalities of WDR and HT Neurons

Type of Stimuli WDR Neuron HT Neuron
Air puff + -
Brushing o~ _
Pinch 4~ +++ 4~ ot
Radiant heat (51° C) +4 ~ 4+ o~ At
Cooling (ethyl-chloride) 4~ -+ -

+ = response; — = no response.

spinal cord was bathed with 37° C physiologic saline.
Esophageal temperature was maintained between 37° C
and 38° C by a servocontrolled heating lamp. After
surgical preparation and decerebration anesthesia was
discontinued. This sequence allowed us to ensure that
the animals were pain-free during both surgical prepa-
ration and neurophysiologic recordings, and yet per-
mitted us to study the effects of fentanyl in a prepara-
tion that was drug-free (except for the neuromuscular
blocking agents). After cessation of general anesthesia
we allowed 2 h to pass before recording the neuronal
activity.

Tungsten microelectrodes were advanced into the
dorsal horn of the spinal cord, while receptive fields on
the ipsilateral hind paw were stimulated with air puffs,
brushing, and pressure. Maximum penetration of the
microelectrodes was no deeper than 1500 um from the
surface of the spinal cord. When the activity of a single
cell was encountered, amphtude discrimination was
used to record single unit activity above the baseline
electrical activity.

Upon isolation of a single WDR or HT neuron, radi-
ant heat (51° C), cooling of the skin (ethyl-chloride
spray), and pinching with nonserrated forceps were ap-

impulses/sec.
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plied to the cell’s receptive field. If the response profile
indicated a WDR or HT neuron, as determined by the
criteria shown in table 1, control studies were per-
formed in which both spontaneous and noxious]y
evoked activity were recorded. Noxlously evoked activ-
ity was produced by the presentation of a 51° C radiant
heat stimulus for 8 s to the receptive field on the hind
paw. In all cases an attempt was made to position the
stimulator to maximize receptive field stimulation (i.e,
the center of the radiant heat stimulus was focused on
the center of the most excitable area of the receptive
field). Following control studies the saline over the spi-
nal cord was carefully removed, and the fentanyl-saline
solution (0.5 ml, 37° C) was gently applied onto the
spinal cord (10 or 25 ug for WDR neurons, 25 or 50 ug
for HT neurons). The 10- and 25-ug doses for WDR
neurons were chosen because they had been shown to
be capable of suppressing WDR neurons in deeper lami-
nae.'” Higher doses for HT neurons were employed
based on preliminary results of this study. The solution
placed on the spinal cord contained no preservatives.
After application of fentanyl spontaneous and noxiously
evoked activity was measured every 3 min for 30 min.
At 31 min 0.1 mg iv of naloxone was given to 28 cats. In
two cats HT neuron activity was observed fol- 60 min
and 120 min, after which naloxone was given. Only one
neuron with one dose of drug was studied in each ani-
mal to avoid cumulative effects of the drugs. At the end
of the experiment, before the electrode was removed
from the recording site, electrolytic lesions were made
in the dorsal horn by passing 20-30 pA for 30 s through
the recording microelectrode. The position of the tip of
the microelectrode was later examined histologically.
At the end of each experiment animals were killed by
anesthetic overdose.

F1G. 1. An example of a response profile of
a WDR ncuron. A. WDR neuronal responses
2 to various stimuli are shown (numbers and C
represent the site of stimulation on the foot).
The response increases with increasing inten-
sity of stimuli. Note that the spontancous dis-
charge rate is low and the receptive field is
small (only pad 2 stimulation evoked the activ-
ity). B. WDR neuronal responses to increasing
intensity of radiant heat. The response be-

8sec "
— came greater as the temperature was in-
creased. (For data in this study only one ther-
mal stimulus was used —51° C.)
50 °C
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F1G. 2. An example of a response profile of
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an HT neuron. A. HT neuronal responses to

A
various stimuli. The HT neuron only re- C
IR

sponded to noxious pinch on pad 4 (see fig. 1 A
for description of stimulation sites). Note that
the spontancous discharge rate is low. B. HT
neuronal responses to radiant heat on pad 4.
The response became greater as the tempera-
ture was increased,

impulses/sec.
100

All data collected were analyzed on-line as well as
off-line by a PDP® 11/40 computer. Spontaneous activ-
ity was averaged for 30 s prior to stimulus presentation.
The evoked discharge frequency was observed during
the time that the radiant heat stimulus caused the firing
rate to rise above the average spontaneous rate. Stu-
dent’s paired and unpaired t-tests were used for statisti-
cal analysis. Differences were considered to be signifi-
cant if P values were less than 0.05.

Results

Data were obtained from 33 neurons. Fourteen were
classified as HT neurons, and the remaining 19 were
classified as WDR neurons, based upon response prop-
erties shown in table 1. Examples of response properties
of WDR neurons and HT neurons are shown in figures
1 and 2. The location of the neurons was established by
the depth of the microelectrode tips. The depth of the
neurons recorded was between 682 and 1,390 um from
the dorsal surface of the cord. Although spontaneous
discharge iates of all neurons were low (average im-
pulses/s = 1.1), they were increased after 51° C radi-
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ant heat stimulation. Successful markings of about one-
half of the recording locations were verified to be in the
superficial layers (laminae I and I1) of the dorsal horn.

FENTANYL EFFECTS ON SPONTANEOUS ACTIVITY
OF WDR AND HT NEURONS

Table 2 shows the effects of fentanyl on spontaneous
activity of neurons studied and subsequent naloxone
reversal of those effects. All doses produced significant
suppression of mean spontaneotis activity. After 30 min
mean spontaneous activity of WDR neurons was re-
duced to 58.3% and 21.0% of control values by 10 and
25 ug of fentanyl, respectively, and that of HT neurons
was reduced to 42.9% and 22.9% of control values by
25 and 50 ug of fentanyl, respectively. Spontaneous
rates ranged from 0 to 19.2 impulses/s for WDR
neurons and from 0 to 14.4 impulses/s for HT
neurons. The 25-ug dose produced significantly greater
suppression of the spontaneous activity of the WDR
neurons than of the HT neurons. Naloxone, 0.1 mg iv,
produced reversal of fentanyl suppression, although the

TABLE 2. The Effects of Fentanyl on Spontaneous Activity of WDR and HT Neurons

Control 15 min 30 min Naloxone§
WDR neuron
10 pg (n = 9) 100 69.7 £ 11.1 58.3 = 8.7% 114.1 + 22.9
25 ug(n=9) 100 234+ 8.8 21.0 +£10.21% 102.1 £ 37.1
HT neuron .
25 ug (n =17) 100 51.6+ 11.3 42.9 + 12.4%% 91.6 + 12.7
50 pg (n = 5) 100 44.9 + 19.9 22.9 + 10.4% 67.5 = 40.2

Values are given as mean percerit of control + SE.
* P'< 0.05, significantly different from control.
F P < 0.01, significantly different from control.

$ P < 0.05, significantly different, WDR versus HT.
§ Administered 31 minutes after fentanyl.
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F1G. 3. Effects of two doses of fentanyl on
the mean evoked activity of WDR neurons
elicited by an 8-s application of a 51° C radi-
ant heat stimulus to their receptive fields.
Both 10 pg (dashed line, n = 9) and 25 ug
(solid line, n = 10) of fentanyl produced a
significant reduction of evoked activity of
WDR neurons at 30 minutes. The suppres-
sion was reversed by naloxone, 0.1 mg iv. **P
< 0.01, compared with control values.
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effect on the 50-ug dose was not as great as that pro-
duced on the lower doses.

FENTANYL EFFECTS ON EVOKED ACTIVITY
OF WDR NEURONS

Both the 10 and 25 pg doses of spinally administered
fentanyl affected the noxiously evoked activity of WDR
neurons (fig. 3). Figure 3 contains plots indicating the
effects of the two doses of fentanyl on the mean evoked
activity of WDR neurons and subsequent naloxone re-
versal of those effects. Both the 10- and 25-ug doses
produced a significant reduction of the mean evoked
activity at 30 min, to 61% and 19%, respectively. Those
effects were reversed by 0.1 mg of naloxone iv.

FENTANYL EFFECTS ON EVOKED ACTIVITY
OF HT NEURONS

Spinally administered fentanyl, 25 and 50 ug, signifi-
cantly suppressed the noxiously evoked activity of HT
neurons (fig. 4). A comparison of the degree of sup-
pression produced on the two neuron types indicates
that the HT neurons were significantly less suppressed
than were the WDR neurons. The 25-ug dose of fen-
tahyl produced a statistically (P < 0.01) greater sup-
pression of noxiously evoked activity of the WDR
neurons than of HT neurons. Fifty micrograms of fen-
tanyl did not produce a significantly greater degree of
suppression of the HT neurons than did 10 ug when
employed with WDR neurons. The fentany! suppres-

NALOXONE O0.1mg

sion of HT neurons was reversed by 0.1 mg of nalox-
one iv.

The neuronal activity was observed for 60 min in one
neuron and 120 min iri another neuron after the appli-
cation of 25 pg fentanyl, and no recovery was observed
during that time period. In one of the 14 neurons exci-
tation (by 12%) was briefly seen shortly after the drug
application (6 min).

Discussion

There have been many anatomic and physiologic
studies concerning the marginal layer of the dorsal horn
since Christensen and Perl demonstrated that the mar-
ginal layer (rexed lamina I) represents a specialized sen-
sory nucleus containing neurons important for nocicep-
tion.? Several studies have demonstrated nociceptive
HT neurons in laminae I and IL,>*'® and others have
reported the presence of WDR neurons in the superfi-
cial layers of the dorsal horn in rats,* cats,>® and pri-
mate,’ in addition to the presence of WDR neurons in
the deep layers of the dorsal horn.! Thus, WDR
neurons exist both in superficial and deep layers of dor-
sal horn, whereas HT neurons are predominantly in
laminae I and I1.

WDR neurons respond to both innocuous and nox-
ious mechanical stimuli, whereas HT neurons respond
almost exclusively to noxious stimulation. The heat
threshold of WDR neurons is between 35° C and 50°
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C,!® whereas that of HT neurons is greater than 40°
C.2!9 WDR neurons respond also to cold stimulation,
whereas HT neurons do not.>® Both types of neuronsin
the superficial layers have low rates of spontaneous ac-
tivity, are excited by small afferent fibers of peripheral
nerves (A delta and/or C fibers) and have projections to
the thalamus.”?° For this reason both HT neurons and
WDR neurons are considered essential elements of pain

transmission systems,

Because we still do not know what neurons must be
suppressed in order to produce spinal analgesia, it is of
interest to know the effects of opiates on the superfi-
cially located nociceptive neurons. Kitahata et al. dem-
onstrated that the spontaneous and mechanically
evoked activity of HT neurons in lamina I are sup-
pressed by iv administered morphine (0.5-2.0 mg/kg)
in cats.!® Woolf ¢t al. reported that morphine (6 mg/kg,
iv) produced variable changes in the C-evoked activity
of units recorded within lamina II in rats, some units
showing excitation, some inhibition, and some an alter-
ation in the timing and pattern of the C-evoked activ-
ity.'® Dickensen et al. also reported that higher concen-
trations of morphine (3-150 pug, intrathecally) pro-
duced suppression of C-fiber and pinch evoked activity
of neurons in the superficial layers, although lower
concentrations of morphine (1.5-2.5 ug, intrathecally)
produced excitation.!” In the present study all neurons
were suppressed by fentanyl in a dose-dependent man-
ner except for one neuron excited (12% of control)

during the initial 3-6 min.
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The importance of the findings of the present study is
that the degree of suppression of HT neurons is signifi-
cantly less than that of WDR neurons located in the
superficial layers of the dorsal horn. This difference in
sensitivity agrees with the findings of Cervero et al. who
showed that descending inhibition of HT neurons was
less than that of WDR neurons in the superficial layers.”
Thus, HT neurons appear to be less sensitive to factors
that are known to inhibit noxiously evoked activity.

As to the functional difference between these two
types of neurons, Price has indicated that discriminative
aspects.of pain may be signaled by the combined output
of WDR neurons and HT neurons, whereas the func-
tion of the latter group of neurons may be to provide
additional information about the quality and spatial lo-
calization of noxious stimuli.'! Thus, our results may
explain a general clinical impression that opiate analge-
sia produces significant antinociception yet maintains
appreciation of location and quality of nociception.

The effects of the same doses of fentanyl (10 ug and
25 ug) on WDR neurons in the deep layers (laminae 1V,
V, and VI) were previously reported from our labora-
tory.'* Comparing results from both the superficial and
deep layers of the dorsal horn, it is clear that the rate of
onset and the degree of suppression by fentanyl are
similar. Duggan et al.*' demonstrated that morphine
administered iontophoretically to the substantia gelatin-
osa suppresses nociceptive neurons in laminae 1V and
V, and they postulated that these effects might have
occurred through dendritic processes.'* They based
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their argument on the fact that the superficial layers are
high in opiate binding sites.> The results of the present
study support this hypothesis.

In summary, the results of the present study demon-
strate that intrathecally administered fentanyl sup-
presses the noxiously evoked activity of both HT
neurons and WDR neurons located in the superficial
layers of the dorsal horn. The degree of the suppression
of the activity of HT neurons was less than that of WDR
neurons.
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