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THE MASSIVE 
SPINAL D O R S A L  
BY L O N G - T E R M  

EXPRESSION OF c-FOS PROTEIN IN 
H O R N  N E U R O N S  IS NOT F O L L O W E D  
C H A N G E S  IN SPINAL N O C I C E P T I O N  

J. S A N D K O H L E R , *  A.-C. T R E I E R ,  X.-G. L IU and M. O H N I M U S  

II. Physiologisches Institut, Universit/it Heidelberg, Germany 

Abstract--It has been suggested that the expression of c-fos and other immediate early genes in spinal 
dorsal horn neurons would trigger changes in the phenotype of nociceptive neurons which may lead to 
long-term changes in spinal nociception. To test this hypothesis, we have used a minimally invasive 
intrathecal stimulation and injection technique which can be applied to adult Sprague-Dawley rats under 
brief ether anesthesia to induce massive c-fos expression in spinal neurons without affecting peripheral 
nociceptors. Electrical intrathecal stimulation (0.5 ms pulses, 15 V, 3 Hz for 15 min) or intrathecal injection 
of N-methyl-D-aspartate (25 nmol) produced massive c-Fos immunoreactivity in neurons throughout the 
sacral spinal cord and the dorsal horn of the lumber spinal cord. Immunoreactivity declined to control 
values at mid-thoracic levels, To assess effects of these intrathecal stimuli on nociception, hot-plate and 
tail-flick latencies and mechanical thresholds of hindlimb withdrawal reflexes were measured once every 
day for 14 days before and up to 14 days after conditioning stimulation. Spontaneous locomotion of each 
animal was video-taped daily for 5 min and analysed off-line. On the day of the intrathecal stimulation 
the tests were performed 1 h before and also 6 h after conditioning stimulation. Thermal and mechanical 
nociceptive thresholds were temporarily enhanced 6 h after intrathecal stimulation but they were not 
different from controls one to 14 days later. 

Thus, the massive expression of c-fos in spinal neurons is not, as previously suggested, a sufficient 
condition for the induction of long-term changes in spinal nociception. Copyright © 1996. Published by 
Elsevier Science Ltd. 

Key words: spinal dorsal horn, pain, thermal hyperalgesia, mechanical hyperalgesia, immediate early gene, 
long-term depression, rat. 

Behavioral responses to noxious stimuli may be 
altered for long periods of  time by condit ioning 
stimulations such as inflammation of  peripheral tis- 
sues 48 or  by peripheral neuropathies. 3 It is now well 
established that both, modifications of  nociceptor 
function and altered processing of  nociceptive infor- 
mat ion in the spinal cord may contribute to long- 
term changes of  nociception such as hyperalgesia and 
allodynia (see reviews4,29'34). Considerable progress 
has been made in the understanding of  the underlying 
cellular mechanisms. In the spinal cord extrasynaptic 
neuropeptides including substance P and neurokinin 
A and activation of  glutamate receptors of  the N-  
methyl-D-aspartate ( N M D A )  type lead to an increase 
of  free cytosolic Ca 2 ÷ concentrat ion and activation 
of  protein kinases including protein kinase A and 
protein kinase C (see review by Levine et al.29). Other 
second-messenger pathways such as the inositol- 
triphosphate-diacylglycerol pathway and other  
neuromediators  such as the putative retrograde mes- 
senger nitric oxide (review by Meller and Gebhart  34) 
have also been identified as important  links between 
transsynaptic stimuli and long-term alterations of  

*To whom correspondence should be addressed. 
Abbreviations: ACSF, artificial cerebrospinal fluid; IEG, 

immediate early gene; NMDA, N-methyl-o-aspartate. 

nociceptive behavior and modification of  electro- 
physiological properties of  nociceptive neurons in the 
spinal dorsal horn. Typically these changes may last 
considerably longer than responses to acute, non- 
damaging noxious stimuli. In most studies behavioral 
responses were monitored for several hours, in some 
cases for up to 3548 or  up to 1303 days. This long time 
course suggests that modifications of  gene expression 
may also play a role. 

Indeed, immediate early genes (IEGs) such as c-fos 
can rapidly and transiently be induced in neurons of  
the spinal dorsal horn by transsynaptic stimulation 
via fine primary afferentsfl 3 However,  up to now the 
biological meaning of  enhanced c-fos expression in 
spinal neurons remains obscure. It has been suggested 
that modifications of  l E G  expression may trigger 
-changes in the phenotype of  neurons which may lead 
to long-term changes of  nerve cell function. 39 Strong 
and long-lasting stimulation of  fine primary afferent 
nerve fibers is followed by long-term changes of  
spinal nociception and by an increased expression of  
IEGs. It is appealing to suggest that the enhanced 
expression of  lEGs  in spinal dorsal horn neurons 
would lead to plastic changes in spinal nociception 
and can be used as an indicator of  neurons possibly 
involved in mediating allodynia and hyperalgesia. 
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H o w e v e r ,  it h a s  n o t  ye t  been  s h o w n  t h a t  m a s s i v e  

e x p r e s s i o n  o f  c - F o s  p r o t e i n  in sp ina l  n e u r o n s  is 

necessa r i ly  fo l lowed  by  l o n g - t e r m  c h a n g e s  in sp ina l  

noc i cep t i on .  T o  a d d r e s s  this  i ssue,  we h a v e  u s e d  a 

m i n i m a l l y  i nvas ive  i n t r a t heca l  s t i m u l a t i o n  a n d  injec- 

t ion  t e c h n i q u e  in ra t s  to i nduce  a m a s s i v e  e x p r e s s i o n  

o f  c-fos in sp ina l  n e u r o n s  w i t h o u t  a f fec t ing  p r o p e r t i e s  

o f  p e r i p h e r a l  noc i cep t o r s .  W e  h a v e  u s e d  in t ense  

electr ical  s t i m u l a t i o n  o f  do r sa l  r o o t s  to evoke  sp ina l  

re lease  o f  n e u r o m e d i a t o r s  a n d  we h a v e  in jec ted  

N M D A  in t ra theca l ly .  T o  e v a l u a t e  poss ib le  effects o f  

t hese  i n t r a t h e c a l  s t i m u l a t i o n s  on  sp ina l  n o c i c e p t i o n  

we h a v e  d e t e r m i n e d  tail-fl ick a n d  h o t - p l a t e  la tenc ies  

a n d  t h r e s h o l d s  for  m e c h a n i c a l  n o c i c e p t i o n  as  well as  

s p o n t a n e o u s  l o c o m o t i o n  dai ly ,  for  14 d a y s  be fo re  a n d  

for  14 d a y s  a f te r  c o n d i t i o n i n g  i n t r a t h e c a l  s t i m u l a t i o n .  

EXPERIMENTAL PROCEDURES 

Experiments were conducted on adult  male Sprague-  
Dawley rats (from Zentralinstitut f/Jr Versuchstierzucht, 
Hannover,  Germany)  which were housed in groups of two 
or three in one macrolon type III cage in an air conditioned 
room (temperature, 22 _+ 2°C; water saturation, 55 _+ 5%) 
with a 12h l igh t , l a rk  cycle, light on at 7.00a.m. Food 
pellets and water were given ad libitum. Animals  were 
allowed to adapt  to this environment for at least seven days 
before the experiments were begun. 

Minimally invasive intrathecal stimulation and injection 
technique 

Animals  were briefly anesthetized by inhalation of  ether 
and then shaved at the lower back. The exposed skin 
overlaying the lumbar  spinal cord was treated with 90% 
ethanol. A specially prepared stimulation and injection 
cannula (outer diameter, 0 .55mm) was electrically con- 
nected to an isolation unit and was insulated except for the 
tip. A second needle electrode was inserted subcutaneously 
at the back, both cannula were treated with 90% alcohol. 
The cannula  was inserted into the subdural  space between 
the fourth and fifth lumbar vertebrae. The intrathecal 
cannula was inserted at a right angle to the vertebral column 
while the vertebral column was held in a kyphosis position 
by elevating the iliac bones with one hand. Proper tip 
location within the vertebral canal was verified by bilateral 
symmetric muscle contraction at hindlimbs during low 
intensity electrical stimulation (0.24).3 V, 0.1 ms cathodal 
pulses). Injections of  10-50#1 Indigo Carmine dye were 
used to verify subdural  injections. Paravertebral tip location 
can easily be detected by high electrical st imulation 
thresholds for muscle contraction ( > 0 . 5 V )  and by uni- 
lateral muscle contractions. In lightly anesthetized animals 
excitatory substances such as N M D A  (25 nmol) always 
evoke motor  responses which begin at the tip of  the tail 
within 1-2 rain after injection. When more rostral segments 
are reached by the injected substance, motor  responses can 
be seen also at both hindlimbs and at paravertebral muscles. 
With some experience the total duration of this intrathecal 
injection and stimulation maneuver  is between 5 and 10 min. 
With no exception all 120 animals injected so far recovered 
quickly and moved spontaneously within 10-20min.  No  
signs of neurological defects, of  inflammation or of  other 
diseases were observed up to 15 days after injection, except 
that in early experiments small subcutaneous or paraverte- 
bral hematomas  were seen in about 30% of  the animals. 
This incidence was reduced to < 10% in later experiments. 
In 120 experiments mortality was zero when evaluated for 
up to 15 days. 

Experiment I. Induction of c-fos by intrathecal stimulation 

Animals  were electrically stimulated intrathecally at low 
intensities (3 V cathodal pulses of  0.5 ms given at 3 Hz 
for 15 rain; control group I) or at high intensities (as above 
but  at 15 V; test group I). Other animals were stimulated 
pharmacologically by intrathecal injections of  25 nmol  
N M D A  (test group II) dissolved in 10/~1 artificial cerebro- 
spinal fluid (ACSF). Sham-treated animals received an injec- 
tion of vehicle (ACSF, control group II). Ninety minutes 
after stimulation animals were killed with an overdose of  
pentobarbital  given intraperitoneally and were then trans- 
cardially perfused with 100 ml phosphate-buffered saline at 
room temperature followed by 200ml ice-cold para- 
formaldehyde (4%) in phosphate  buffer. The spinal cord 
was removed and postfixed overnight in the same fixative 
and then stored for 48 h in 30% sucrose for cryoprotection. 
The tissue was cut in a cryostat in 40/~m thick transverse 
sections. Free-floating sections were incubated with normal 
goat serum (2% in phosphate-buffered saline and 0.2% 
Triton X-100) for 1 h, followed by the primary antiserum 
at 1 : 1000 for 24 h (Dianova, Hamburg,  Germany) followed 
by an avid in~eroxidase  complex (Vectastain, Vector Lab- 
oratories) for 1 h. The sections were then developed in 
0.2% diaminobenzidine with 0.02% hydrogen peroxide and 
intensified by addition of 0.02% cobalt chloride and nickel 
a m m o n i u m  sulfate. 

Experiment H. Behavioral assessment of  the effects of 
intrathecal stimulation 

Thermal nociceptive withdrawal latencies were deter- 
mined by two different tests. For the hot-plate test animals 
were placed into a Perspex chamber with a 30 x 30 cm metal 
floor which was heated to 52 _+ 0.5°C. Licking one of  the 
hindpaws was used as response criterium. 

Tail-flick reflexes were evoked by a feedback-controlled 
radiant heat source under the ventral surface of  the tail. 
Heat was applied through a small (5 x 15 mm) opening in 
the floor, and was continuously measured with a thermo- 
couple and kept constant  at 30°C before onset of  noxious 
heat stimulation. During heat stimuli the temperature at the 
air/skin layer raised to not  more than 80°C. Cut-off latency 
was set to 20 s in both tests to avoid tissue damage and 
sensitization of  noeiceptors. 

To determine mechanical withdrawal thresholds, animals 
were placed in a 3 x 10 cm Perspex chamber with a metal 
floor with circular openings. This allowed use of  calibrated 
yon Frey filaments to determine withdrawal thresholds 
at the glabrous skin of  hindpaws. The minimal pressure 
necessary to evoke two withdrawals out  of  three testings was 
used as threshold criterion. 

To evaluate spontaneous locomotion, animals were 
placed in a Perspex chamber  with a square 30 x 30 cm metal 
floor with a constant  temperature of  30+0 .1°C .  Two 
orthogonal lines through the midpoint  divided the floor into 
four equally sized squares. The animals '  behavior was 
video-taped and analysed off-line by counting the number  of  
times the animal crossed a line with both hindpaws during 
a 4 min period which was started after a 1 min period of 
adaptat ion to the environment had elapsed. 

Five animals were tested together in one experimental 
group. Stimulated animals (test groups I and II) and sham- 
treated animals (control groups I and II) were assigned 
randomly to one of  four experimental groups. The begin- 
ning of the experiments was shifted by two weeks for each 
of the experimental groups to avoid confounding effects of  
undetected varying experimental conditions on different 
days. All behavioral experiments were conducted by the 
same investigator who was not  aware of the different 
treatments of  the animals. Each test was applied only once 
a day to each of  the animals. 
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Data analysis 
The number of c-Fos positive cells was determined in 

40#m thick transverse sections which were randomly 
selected from the lower thoracic spinal cord (segments 
T8 TI3), the lumbar cord (L4 L6) and the sacral cord. The 
total number of cells on both sides of the cord was counted 
in 10 sections each. Cell counts were made separately for the 
superficial dorsal horn (laminae, I, II) lamina III and the 
deep dorsal horn (laminae IV-VII). Mean values are given 
with one standard error of mean. Significant differences 
between control groups and test groups were determined by 
the Student's t-test or by Wilcoxon rank-sum test. In the 
behavioral tests analysis of variance (ANOVA) for repeated 
measures was used to determine significant effects of time 
and treatment on responses. 

RESULTS 

Results were obtained from a total of  45 rats with 
a body weight between 300 and 400 g at the day of  
intrathecal stimulation. 

Experiment I 

Expression of  c-Fos protein in neurons of  the lower 
spinal cord was achieved by using a minimally inva- 
sive intrathecal injection and stimulation technique. 
To induce c-fos (and other  IEGs) without affecting 
peripheral nociceptors we have used a small injection 
and stimulation cannula (see Experimental  Pro- 
cedures). Injections of  10/~1 artificial cerebrospinal 
fluid (ACSF,  n = 5), Indigo Carmine dye (n = 5) or 
low level monopolar  electrical stimulation (3 V, 
0.5 ms pulses given at 3 Hz for 15 min, n = 5) did not  
increase the number  of  c-Fos positive cells in trans- 
verse sections through the sacral or lumbar spinal 
cord as compared with untreated animals (n = 10). 
c-Fos immunoreactivi ty was absent or low ( < 1 0  
immunoreact ive cells per section) in all these animals. 
Few labeled cells were scattered throughout  the dor- 
sal horn without any clustering or apparent pattern. 

Intrathecal injection of  25 nmol N M D A  in 10#1 
produced a drastic increase in c-Fos positive cells, 
mainly in the superficial dorsal horn of  the caudal 
spinal cord and, to a lesser extent, also in the deep 
dorsal horn (n = 5). The mean sum of c-Fos positive 
cells in 10 randomly selected transverse sections 
declined from the sacral to the lower thoracic spinal 
cord. Photomicrographs from one typical experiment 
are shown in Fig. 1, a summary of  results is given in 
Table 1. 

Monopola r  electrical stimulation supramaximal 
for the activation of  A~5- and C-fibers (15 V, 0.5 ms 
pulse width, given at 3 Hz for 15 min) also produced 
a strong increase in the number of  c-Fos positive cells 
in the superficial dorsal horn and in the deeper dorsal 
horn, especially in the lumbar  and in the sacral cord 
(see Table 1, n = 5). In the thoracic spinal cord c-Fos 
immunoreact ivi ty was low or absent. 

Experiment 11. Impact o f  conditioning intrathecal 
stimulation on thermal and mechanical nociception 

To evaluate long-term changes of  spinal nocicep- 
tion following condit ioning intrathecal stimulation 

and massive expression of  c-Fos protein in spinal 
dorsal horn neurons, we determined thermal with- 
drawal latencies in the hot-plate and tail-flick tests 
and mechanical withdrawal thresholds at hindpaws 
using calibrated von Frey filaments. All tests were 
made once per day except on weekends for 14 days 
before and for 14 days after conditioning stimulation. 
Two control groups received either low level electrical 
stimulation (control group I, 3 V, 0.5 ms pulses given 
at 3 Hz for 15 min, n = 5) or an injection of  vehicle 
(control group II, ACSF,  10/11, n = 5). Two test 
groups received either high intensity intrathecal 
electrical stimulation (test group I, 15V, 0 .5ms 
pulses, given at 3 Hz for 15 min, n = 5) or an injection 
of  N M D A  (test group II, 25 nmol in 10/~1, n = 5). 

Short-term effects o f  the intrathecal injection and 
stimulation technique 

To evaluate possible short-term effects of  ether 
anesthesia and/or  the intrathecal stimulation and 
injection procedure, we have compared nociceptive 
parameters, body weight and spontaneous loco- 
mot ion immediately prior to stimulation and 6 h after 
stimulation in the control groups and the test groups. 
In five animals hot-plate latencies increased signifi- 
cantly from 6.6 + 0.5 s to 8.6 __+ 1.7 s and tail-flick 
latencies increased from 9.6 + 3.0 s to 13.0 + 2.1 s 
following intrathecal low frequency stimulation as 
compared with sham-treated animals. Following 
N M D A  injection mechanical von Frey thresholds 
increased from 19.0 _+ 4 g to 27.6 ___ 4.6 g. One day 
after conditioning stimulation all these parameters 
had returned to control values. Spontaneous loco- 
mot ion was also significantly reduced 6 h  after 
conditioning stimulation, both in the control group 
(mean number of  crossings in 4 m i n  was reduced 
from 19 + 2 to 10 + 2, n = 10) and in the test group 
(from 17 + 2 to 7 + 2, n = 10). No  difference between 
control and test groups was present. 

Effects on gain in body-weight. All animals of  the 
two control groups and the two test groups gained 
normal body weight before and after intrathecal 
stimulation (see Fig. 2). On the day of  intrathecal 
stimulation which was performed under ether anes- 
thesia all animals lost body weight, but gain in body 
weight was normal thereafter. Since results between 
the two control groups and between the two test 
groups were not different (Wilcoxon rank-sum test), 
mean values were pooled (Fig. 2). 

Spontaneous locomotion. This was evaluated in 
seven animals of  the control groups (two were electri- 
cally stimulated and five received an injection of  
ACSF)  and in eight animals of  the test groups (three 
were stimulated electrically at high intensity and five 
received an N M D A  injection). At  all time points the 
number  of  crossings of  two orthogonal  lines on the 
floor of  the testing compar tment  were equal in con- 
trol and test groups. With the exception of  a signifi- 
cantly reduced locomotion 6 h  after intrathecal 
stimulation in pooled control and in pooled test 
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group,  locomot ion  was the same before and  after  
condi t ioning  s t imula t ion (see Fig. 3). 

Thermal nociceptive reflex latencies. Results f rom 
the two control  groups  were pooled as well as those 
f rom the two test groups as no statistically significant 

group differences were present.  Dur ing  the first four 
days of  test ing hot-pla te  latencies of  animals  of  all 
groups displayed the typical decline (from a mean  
latency of  15 to 7.5 s) and  then stabilized at  a lower 

level (7 to 8 s, see Fig. 4). No  differences in response 
latencies were observed between the pooled control  
groups  and  the pooled test groups,  nei ther  before nor  

after  condi t ioning  intra thecal  s t imula t ion (Fig. 4). 
Tail-flick latencies of  the two test groups were not  

different f rom each other  or f rom control  groups 

either before or after  condi t ioning  s t imulat ion 
(Fig. 5). 

Mechanical withdrawal thresholds. Mechanical  

wi thdrawal  thresholds  were determined at h indpaws 

using cal ibrated von Frey filaments. No group differ- 
ences were observed. Thus,  results from the two 

control  groups and  those f rom the two test groups 
were pooled. Wi thdrawal  thresholds  before or after 
condi t ioning intra thecal  s t imulat ion did not  differ 

Fig. 1. c-Fos immunoreactivity in 40 pm thick transverse sections through the lumbar (left column) and 
sacral (right column) spinal cord of two different rats. Sections at the top (A and B) are taken from a 
rat which was injected with 25 nmol NMDA. Sections at the bottom (C and D) are taken from a 

sham-treated animal which received an intrathecal injection of artificial cerebrospinal fluid. 

B 
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Table 1. Intrathecal stimulation induces c-Fos in neurons of the caudal spinal cord 
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Electrical stimulation NMDA injection 
Lumbar Sacral Thoracic Lumbar Sacral 

Laminae I, II 520 _ 61" 198 _ 97* 202 ___ 105" 475 __+ 105" 687 + 170" 
Lamina III 220 + 58* 84 + 42* 70 + 25* 95 + 23* 160 _+ 37* 
Laminae I V V I I  85 _+ 33* 20 ___ 4* 71 ___ 38 74 ___ 29* 65 __+ 30* 

Mean ( S . E . M . )  numbers are given of c-Fos positive cells in 10 randomly selected transverse 
sections (40/~ m) through lower thoracic ( T 8 T  13), lower lumbar (L4-L6) and sacral spinal cord 
segments following intrathecal electrical stimulation or intrathecal injection of NMDA. 
*Significantly elevated numbers of c-Fos positive cells as compared to sham-treated animals 
(Wilcoxon rank-sum test, P < 0.05, n = 5 for each group). 

between pooled cont ro l  and  pooled test groups  
(Fig. 6). 

Effects of morphine. In 10 randomly selected animals 
f rom the cont ro l  groups  and  the test groups 1 mg/kg  
morphine  was injected subcutaneously on  day 15 after 
condi t ion ing  in t ra thecal  s t imulat ion.  Nocicept ive 
latencies and  thresholds  were significantly increased 
45 min  after  injection. The hot-pla te  and  tail-flick 
indices (i.e. the per  cent  maximal  inhibi t ion)  were 
calculated as: 

(trial l a t e n c y -  baseline latency)/  
(cut-off  latency - baseline latency) x 100. 

M o r p h i n e  produced  67.6 ___ 11.9% of  the maximal  
possible inhib i t ion  in the hot -pla te  test (n = 10) and  
71.1 + 13.0% of  the maximal  possible inhibi t ion in 
the tail-flick test (n = 9). von  Frey thresholds  were 
significantly elevated f rom 18.0 _+ 2.1 g to 36.8 + 2.6 g 
(n = 10). 

Effects of skin inflammation. In five r andomly  
selected animals  subcutaneous  inject ion of  a low 
volume (25/~1) of  complete  F reund  ad juvan t  into the 
left h indpaws  on  day 14 produced  a mild inflam- 
m a t i o n  restricted to tha t  h indpaw.  Twenty-four  hours  
later hot -p la te  latencies were significantly reduced 
f rom 12.8_+2.2s  to 1 0 . 0 _ 0 . 7 s  and  von Frey 

thresholds  were reduced f rom 24.0_+ 1.0g to 
15.0 + 3.5 g. 

DISCUSSION 

The biological meaning  of  massive expression of  
c-Fos prote in  in neurons  of  the spinal dorsal  ho rn  
is no t  known.  Condi t ion ing  stimuli which induce 
long- term changes of  spinal nocicept ion including 
pro longed C-fiber s t imulat ion,  in f lammat ion  of  per- 
ipheral  tissues and  nerve constr ic t ion also trigger 
t ranssynapt ic  expression of  c-fos and o ther  l E G s  in 
neurons  of  the spinal dorsal  horn,  mainly  in the 
superficial laminae,  which are known  to be involved 
in processing of  nociceptive informat ion .  Of  course, 
an  overlap of  effective stimuli does not  prove in any 
way a causal relat ionship between the expression of  
IEGs  and  long- term changes of  spinal nociception.  

Transsynapt ic  induct ion of  c-fos in spinal neurons  
mos t  likely indicates tha t  numerous  o ther  l E G s  were 
also expressed at  elevated levels since up to now no 
mat te r  wha t  k ind of  stimulus was being used c-fos 
expression was always accompanied  by expression of  
o ther  members  of  the fos and jun families and  other  
l E G s  (see e.g.21'28). Thus,  expression of  c-fos may be 
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Fig. 2. Mean gain in body weight before and after intrathecal stimulation of sham-treated animals of the 
two control groups (open circles) and the stimulated animals of the two test groups (closed circles). No 
within group differences were found for the control and the test groups and the data were therefore pooled. 
Mean values are given with one S.E.M., the slope of the curves (i.e. the gain in body weight over time) 
was not affected by intrathecal stimulation, neither in the control groups, nor in the test groups. However, 
one day after intrathecal stimulation and ether anesthesia body weight was reduced in both groups, 
apparently due to defecation and loss of urine which was not compensated by food and water intake. 
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Fig. 3. Time course of spontaneous locomotion before and after intrathecal stimulation of sham-treated 
animals (control groups, open circles) and stimulated animals (test groups, closed circles). Individual 
animals were placed in a square Perspex chamber (30 x 30 cm), the floor of which was divided by two 
orthogonal lines which crossed at the midpoints into four equally sized squares. The behavior of the 
animals was video-taped daily at the same time of the day (7.00-11.00 a.m.) for 5 min and analysed off-line 
by counting the number of times the animal crossed a line with both hindpaws within the last 4 min of 

each session. 

used as a marker  of  enhanced expression of  an 
ensemble of  IEGs. 

Following transsynaptic stimulation m R N A s  of 
c-fos and other lEGs  such as c-jun accumulate transi- 
ently (for 1 2 h) in the cytoplasm, and the corre- 
sponding proteins (Fos and Jun) are translated and 
then translocated to the nucleus where they form a 
heterodimeric protein complex that binds to the AP-1 
binding site, a D N A  regulatory element. Because Fos 
and Jun proteins are also relatively short lived they 
have the characteristics of  a signaling system and may 
be viewed as "third messenger" 39 which may regulate 
the expression of  target genes. Target  genes of  c-Fos 
in spinal dorsal horn neurons have not yet been 
identified with certainty but it is suggested that 
preproenkephalin, prodynorphin and the nerve 

growth factor genes may be regulated by a Fos Jun 
heterodimer. 2°'26'32 In the spinal cord conditioning 
stimuli which induce IEGs may also lead to enhanced 
expression of  dynorphin and enkephalin, 25,38 and an 
increase in c-fos m R N A  precedes that of prepro- 
dynorphin and preproenkephalin m R N A s  in rat 
spinal cord. 12 Preproenkephalin m R N A  in spinal 
neurons is co-localized withfos-related proteins after 
peripheral inflammation. 37 If dynorphin is expressed 
at elevated levels and released into the spinal dorsal 
horn, one would expect that spinal nociception would 
be enhanced, e.g. by blocking endogeneous antinoci- 
ceptive systems (references in Ref. 46) or that the 
tail-flick reflex might be inhibited or be irreversibly 
lost. 7 An enhanced presence of  endogenous enkepha- 
lins in the superficial dorsal horn of  the rat may result 
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circles) as compared with stimulated animals of the test groups (closed circles). Note the characteristic 
decline in hot-plate latencies during the first four to five days of testing. Conditioning intrathecal 

stimulation at day zero did not affect hot-plate latencies one to 14 days later. 
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in an inhibition of  nociceptive neurons. 9'14'22 It has 
been suggested that AP-1 D N A  binding activity 
which consists primarily of  c -Fos / JunD heterodimer 
may be a marker  of  apoptosis 33 and cell death. In fact, 
both N M D A  and strong excitation of  nociceptors 
may produce excitotoxic effects on spinal neurons. 3s 
It has been proposed that cell loss after afferent 
stimulation may affect inhibitory interneurons whose 
functional impairment  or  death contributes to a 
central state of  hyperexcitability that underlies 
hyperalgesia and allodynia. 3s We did not attempt to 
directly moni tor  cell loss in the lower spinal cord after 
condit ioning intrathecal stimulation. However,  if  all 
cells which expressed c-Fos in the lower spinal cord 
would die within 14 days after conditioning intra- 
thecal stimulation one would expect that sensory 
and/or  motor  function of  the lower spinal cord would 
be affected. 

The present study was designed to detect these 
possible long-term effects of  massive expression of  
lEGs.  Before drawing any firm conclusions it is 
necessary to evaluate possible impacts of  the intrathe- 

cal stimulation and injection technique employed on 
the results and to consider the possibility of  false 
negative results. 

Minimally invasive intrathecal injection and stimu- 
lation technique 

For  the purpose of  the present study it was necess- 
ary to selectively induce c-fos (and other IEGs) in 
neurons of  the lower spinal cord without affecting the 
function of  nociceptors and without producing con- 
founding effects on spinal nociception which might 
be produced by major  surgery and implantation of  
an intrathecal catheter. We have therefore developed 
a minimally invasive injection and stimulation tech- 
nique in rats which can be performed under brief 
ether anesthesia through a small injection cannula. 
Proper intrathecal injection and stimulation was 
verified by dye injections and by bilateral motor  
responses of  hindlimbs and tail during low intensity 
electrical stimulation. This procedure has short-term 
effects on body weight and spontaneous locomotion 
which may last for 6 h and which are fully reversible 
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Fig. 6. Time course of mechanical withdrawal thresholds at hindpaws before and after intrathecal 
stimulation at time zero as determined by calibrated von Frey filaments. Mechanical withdrawal 
thresholds were significantly enhanced 6 h after intrathecal stimulation and ether anesthesia (data not 

shown) but not one to 14 days after intrathecal stimulation. 
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within one day. Animals show no signs of distress 
or altered motor or sensory function. None of the 
animals displayed signs of local tissue inflammation 
and mortality was zero. The intrathecal injection 
technique is similar to those used in man under local 
anesthesia and in awake mice. 24 We suggest that this 
technique may be a useful means to induce (or block) 
long-term changes of spinal nociception which are 
present for more than one day after conditioning 
stimulation. Immediate effects of intrathecal stimu- 
lation can, however, be better investigated using an 
implanted intrathecal catheter as described by Yaksh 
and Rudy? ° 

Possibility of  false negative results 

The present results provide evidence that massive 
expression of c-fi~s and other IEGs in neurons of 
the lower spinal cord is not necessarily followed 
by long-term changes of spinal nociception. Before 
drawing this conclusion, the possibility of false 
negative results needs to be discussed. 

We have used two different conditioning stimuli to 
induce c-Jos in spinal neurons. (1) Intrathecal injec- 
tion of NMDA since activation of NMDA receptors 
plays a key role for long-term changes of electro- 
physiological properties of nociceptive spinal dorsal 
horn neurons 36'4° and for the induction of long-term 
potentiation of spinal C-fiber-evoked potentials 3° and 
may also be necessary for the induction of IEGs in 
the spinal dorsal horn II (however see Ref. 47). Since 
glutamate acting on NMDA receptors is only one 
candidate for plasticity-inducing extracellular signals, 
and might not be sufficient to induce the full range of 
cellular cascades after conditioning afferent stimu- 
lation, we have also employed (2) electrical stimu- 
lation of dorsal roots supramaximal for the excitation 
of fine primary afferents. This stimulation evokes 
spinal release of a mixture of neuromediators includ- 
ing glutamate 45 and an extrasynaptic spread of neuro- 
peptides such as substance P and neurokinin A.  15'16'19 

Glutamate acting on NMDA receptors and substance 
P and neurokinin A are known to trigger IEG 
expression in neurons of the rat spinal dorsal horn TM 

and mediate plastic changes of discharge properties 
of nociceptive spinal dorsal horn neurons 3136'4z and 
nociceptive behavior (see Refs 27, 29). 

Both types of conditioning intrathecal stimulation 
triggered massive expression of c-Fos which was most 
prominent in the superficial dorsal horn of the lumber 
and sacral spinal cord. Possible long-term effects on 
nociception can only be expected if these neuronal 
pools are involved. We have therefore evaluated 
responses to noxious stimuli which were applied to the 
tail or the hindpaws, since primary afferent nociceptors 
of these cutaneous areas are known to terminate in 
those spinal areas which displayed highest number 
of c-Fos positive cells after conditioning intrathecal 
stimulation. Thus, false negative results due to a 
somatotopically inappropriate expression of c-Fos 
are unlikely. 

False negative results may be produced, if noci- 
ceptive tests are inappropriate or insensitive. Since 
thermal and mechanical hyperalgesia may involve 
different cellular mechanisms in the spinal cord we 
have used standard tests for both thermal and mech- 
anical hyperalgesia and allodynia. All tests are 
capable of detecting inhibitory and facilitatory short- 
term effects on nociception as revealed by sub- 
cutaneous morphine injections and inflammation by 
injection of complete Freund adjuvant in the present 
and in numerous previous studies. 4'j3'34 

Long-term changes may also be missed if nocicep- 
tion were evaluated in an inappropriate time window 
or at intervals too long to detect transient changes. 
Nothing is known about the time course of hypothet- 
ical long-term changes of nociception following mas- 
sive expression of IEGs in spinal neurons. In the 
hippocampus maintenance of long-term potentiation 
for longer than 6 h requires translation of proteins 
from mRNA, 8'17 while long-term potentiation for up 
to 3 6 h is independent of protein synthesis (reviewed 
by Bliss and Collingridge. 6) Long-term potentiation 
can also be produced in the spinal cord 3°'4° and may 
be involved in plastic changes of spinal nociception. 
Since spinal long-term potentiation shares common 
mechanisms with hippocampal potentiation, 3°4° one 
might speculate that protein synthesis may also be 
involved in plastic changes of spinal nociception 
which last longer than 6 h. We have therefore evalu- 
ated nociception daily for up to 14 days after con- 
ditioning stimulation to detect also plastic changes 
with late onset. Of course, very early and transient 
effects lasting no longer than 6 h after conditioning 
stimulation or changes which develop after a latency 
of 14 days would have remained undetected in the 
present study. 

In the present study conditioning intrathecal 
stimulation which induced massive expression of 
c-Fos protein in spinal dorsal horn neurons failed 
to produce long-term changes of spinal nociception 
or spontaneous locomotion lasting longer than one 
day. However, a transient increase in nociceptive 
thresholds was observed after low frequency electrical 
stimulation of primary afferents. Recently we 
(Sandktihler and Randi6, unpublished observations) 
have shown that similar low frequency stimulation of 
dorsal roots produces a robust long-term depression 
of mono- or polysynaptic, A,~-fiber-evoked excitatory 
postsynaptic potentials in lamina II neurons in a slice 
preparation of rat spinal cord. Thus, this long-term 
depression of primary afferent neurotransmission 
may be an underlying mechanism of afferent-induced 
segmental antinociception. We conclude that the 
massive expression of c-Fos is not a sufficient con- 
dition for plasticity of spinal nociception and may not 
be a reliable marker of long-term changes of nocicep- 
tion lasting for more than one day. This raises the 
question what are possible functions of enhanced 
c-Fos expression in neurons of the spinal dorsal 
horn? 
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U p o n  s t rong and  long-last ing t ranssynapt ic  
s t imula t ion  c-Fos is expressed in numerous  neurons  
t h r o u g h o u t  the central  nervous  system. Probably ,  an  
enhanced  electrical nerve cell activity requires long- 
last ing adapt ive  biochemical  processes in these cells 
which are under  the cont ro l  of  t ranscr ip t ion  factors  
such as Fos  and  Jun. I f  so, the expression of  c-Fos  
may  be used as a cellular marke r  of  previous  neurona l  
activity 5'1°'41'43 ra ther  than  a marke r  of  long- term 

changes  of  neurona l  funct ion.  The  present  results 
suppor t  such a not ion ,  by showing tha t  the massive 
induct ion  of  c-fos is no t  sufficient to trigger long- term 
changes of  spinal nociception.  This  is in line with 
repor ts  showing a negative corre la t ion  between the 
induct ion  of  long- term po ten t i a t ion  in the denta te  
gyrus and  ac t iva t ion  of  IEGs  including c-fos 44 and a 
mismatch  between electrical th reshold  for induct ion 
of  long- te rm po ten t i a t ion  in h ippocampus  and  induc- 
t ion of  IEGs  such as c-fos and c-jun.  49 

The present  s tudy was, however,  no t  designed to 
address  the quest ion,  whe ther  the expression of  c-fos 
and o ther  IEGs  may be a necessary condi t ion  for  the 
expression of  long-term changes in spinal nociception. 
To answer this quest ion,  a specific blockage of  
expression of  single IEGs  in vivo would be required. 
This  has now become possible by the use of  

phospho ro th ioa t e  modified antisense oligodeoxy- 
nucleotides directed against  c-fos. By using our  
control led superfusion technique of  the rat  slSinal 
cord  2 we have recently been able to show tha t  these 
antisense ol igodeoxynucleot ides penet ra te  into spinal 
dorsal  h o r n  cells (Sandk/ ihler  and  Schlingensiepen, 
unpubl i shed  observat ions)  and  tha t  they are effective 
in blocking c-Fos expression in the rat  spinal dorsal  
h o r n  in vivo after  in t ra thecal  applicat ion.  TM 

CONCLUSION 

In conclusion,  some of  the cellular mechanisms 
which are involved in induct ion  of  plastic changes 
of  nociceptive behav ior  or nociceptive responses of  
dorsal  ho rn  neurons  also play a role in the expression 
of  l E G s  in spinal neurons.  However,  even the massive 
expression of  c-Fos is no t  a sufficient condi t ion  to 
induce long- term changes of  spinal nocicept ion one 
to 14 days after s t imulat ion.  
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