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Previous studies have shown that monoamines may modulate operation of spinal neuronal networks by depressing or facilitating
responses of the involved neurons. Recently, activation of interneurons mediating reciprocal inhibition from muscle spindle (Ia) affer-
ents and nonreciprocal inhibition from muscle spindle and tendon organ (Ia/Ib) afferents in the cat was found to be facilitated by
noradrenaline (NA). However, which subclass membrane receptors are involved in mediating this facilitation was not established; the
aim of the present experiments was to investigate this. Individual Ia- and Ia/Ib-inhibitory interneurons were identified in the cat lumbar
spinal cord, and NA agonists were applied close to these neurons by ionophoresis. The agonists included the �1-receptor agonist
phenylephrine, the �2-receptor agonists clonidine and tizanidine, and the �-receptor agonist isoproterenol. Effects were measured by
comparing changes in the number of extracellularly recorded spike potentials evoked by electrical stimulation of muscle nerves and
changes in the latency of these potentials before, during, and after application of the tested compounds. Results show that the facilitatory
effect of phenylephrine is as strong as that of NA, whereas the facilitatory effect of isoproterenol is weaker. Clonidine depressed activity
of both Ia- and Ia/Ib-inhibitory interneurons, whereas tizanidine had no effect. These findings lead to the conclusion that beneficial
antispastic effects of clonidine and tizanidine in humans are unlikely to be associated with an enhancement of the actions of Ia- and
Ia/Ib-inhibitory interneurons, and the findings also support previous proposals that these compounds exert their antispastic actions via
effects on other neuronal populations.
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Introduction
Interneurons with monosynaptic input from muscle spindle (Ia)
and tendon organ (Ib) afferents play an important role in pro-
cessing and forwarding information to �-motoneurons. Modu-
lation of their activity, therefore, must have a substantial impact
on input to �-motoneurons and, hence, on the subsequent motor
output. Previous studies have shown that presynaptic inhibition
mediated by GABAergic neurons may reduce greatly the input
from group Ia muscle spindle and group Ib tendon organ affer-
ents to spinal interneurons (Rudomin and Schmidt, 1999). In
contrast, monoamines have been found to facilitate transmission
between these afferents and interneurons, mediating Ia-
reciprocal inhibition (Ia interneurons) and Ia and Ib nonrecip-
rocal inhibition (Ia/Ib interneurons) (Jankowska et al., 2000).
After damage to the descending tract cells releasing noradrena-
line (NA) and serotonin (5-HT) and loss of monoaminergic fa-
cilitatory actions, weaker inhibition of �-motoneurons by these
interneurons might contribute, therefore, to the hyperexcitability
of �-motoneurons seen in spastic conditions (Pierrot Deseil-
ligny, 1990; Delwaide, 1993). However, Ia-reciprocal inhibition
was found to be reduced in only some spastic patients (Delwaide,

1993; Crone et al., 1994; Mazzocchio and Rossi, 1997; Morita et
al., 2001), whereas in other patients it was found to be stronger
(Yanagisawa and Tanaka, 1978; Hultborn and Malmsten, 1983b;
Boorman et al., 1991) and to be either unchanged or more effec-
tive in cats after chronic spinal hemisection (Hultborn and
Malmsten, 1983b). Spasticity, therefore, apparently is not always
associated with a reduced inhibition from group I afferents. The
reported enhancement of the inhibition by the �2-adrenoceptor
agonists clonidine and tizanidine (Delwaide and Pennisi, 1994)
nevertheless might explain the antispastic actions of these sub-
stances, provided clonidine and tizanidine have similar facilita-
tory actions on Ia and Ia/Ib interneurons as NA. If clonidine and
tizanidine do not have such facilitatory actions, the �2-
adrenoceptor agonists would be expected to reduce spasticity by
acting on other neurons. The latter possibility has been indicated
by observations that facilitation of transmission from group I
afferents to a population of spinocerebellar tract neurons by NA
is not associated with facilitatory actions of the �2-adrenoceptor
agonists. On the contrary, local application of clonidine and tiza-
nidine depressed rather than facilitated group I-evoked responses
of these neurons (Hammar et al., 2002).

The aim of this study, therefore, was to compare the effects
mediated by the �2-receptor agonists tizanidine and clonidine,
the �1-receptor agonist phenylephrine, and the �-receptor ago-
nist isoproterenol on interneurons mediating Ia-reciprocal and
Ia/Ib-nonreciprocal inhibition of �-motoneurons with the ef-
fects of NA.
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Materials and Methods
Preparation. All experiments were performed on deeply anesthetized cats
following European Union and National Institutes of Health guidelines
of animal care as well as the Swedish Animal Protection Act and Animal
Protection Ordinance, and experiments were approved by a regional
ethical committee of the Swedish National Board for Laboratory Ani-
mals. Data were obtained from five cats of both sexes weighing 2.6 –3.5 kg
and aged 6 –9 months. Anesthesia was induced by a single dose of sodium
pentobarbital (45 mg/kg, i.p.) and maintained by intermittent doses of
�-chloralose (up to 60 mg/kg, i.v.; Rhône-Poulenc, Santé, France) sup-
plemented at regular intervals. The depth of anesthesia was monitored by
regularly verifying the lack of withdrawal reflexes and the size of the
pupils as well as by continuously recording blood pressure and heart rate.
To maintain stable recording conditions, neuromuscular transmission
was blocked with pancuronium bromide (Pavulon; Organon Teknika,
Askim, Sweden; initially 0.4 mg followed by 0.2 mg, i.v., every 2 hr) and
artificially ventilated. End-tidal CO2 was measured and kept between 3.9
and 4.3% by adjusting the respiratory volume. Blood pressure was mon-
itored via an intra-arterial catheter and maintained at �100 mmHg. A
buffer (5 gm of glucose and 0.84 gm of NaHCO3 in 100 ml of distilled
water) was infused at a rate of 1–2 ml/hr, and urine was collected via an
indwelling catheter.

Peripheral nerves in the left hindlimb were dissected, cut distally, and
either threaded through subcutaneous cuff electrodes [quadriceps (Q),
sartorius] or mounted on pairs of silver wire electrodes in a paraffin pool
[posterior biceps and semitendinosus (PBST), anterior biceps and semi-
membranosus (ABSM), gastrocnemius and soleus (GS), deep peroneal,
plantaris (Pl), sural, and superficial peroneal].

The spinal cord was exposed by laminectomy between the third and
seventh lumbar segment (L3–L7) and at the level of the 12th and 13th
thoracic segments (T12–T13). When ventral roots were stimulated, the
dura mater was opened along the entire exposed spinal cord; however, in
the remaining experiments it was kept intact, and only small openings
were made to enable the insertion of the microelectrodes.

Recording and stimulation. Extracellular recordings from interneurons
were made using glass micropipettes (tip diameter, �2 �m; resistance,
1.5–3 M�) filled with 2 M NaCl solution. The cord dorsum potentials
were recorded using a silver wire electrode placed on the surface of the

spinal cord over the same segment, with the
reference electrode in contact with a back mus-
cle, allowing the segmental latencies of inter-
neuronal responses to be determined with re-
spect to the incoming volleys from group I
muscle afferents.

Peripheral nerves were stimulated using
constant-voltage rectangular pulses of 0.1 msec
duration. The stimulus intensity is expressed in
multiples of stimulus threshold ( T) for the
most sensitive fibers in a given nerve. The neu-
rons were activated by submaximal stimuli,
and the stimulus intensity was adjusted to
evoke spike potentials in response to approxi-
mately one-half of a series of 20 stimuli. Single
stimuli were used when possible. However,
when single stimuli were ineffective, pairs of
stimuli delivered 3.3 msec apart were used, and
the intensity was adjusted to evoke spike po-
tentials in response to approximately one-half
of the second stimuli. Extracellularly recorded
spike potentials evoked at stimulus intensities
of �1.8T for thinner nerves and up to 2.3T for
thicker nerves (Q) were considered to be
evoked from group I afferents (Jack, 1978), and
monosynaptic responses were defined as those
evoked at a minimal segmental latency of �1.1
msec, considering that the segmental latencies
of monosynaptically evoked EPSPs of group I
origin are up to 0.7– 0.8 msec and that spike
potentials of interneurons are delayed with re-

spect to the onset of EPSPs by �0.2– 0.3 msec (Hongo et al., 1972).
Ascending tract fibers were stimulated at the level of the T12 segment.
The stimuli (constant current, 0.2 msec, 0.5–1 mA) were applied trans-
durally using pairs of electrodes placed over the left and right lateral
funiculi.

Sample. Effects of the NA agonists were tested on a total of 24 Ia-
inhibitory interneurons and 31 Ia/Ib interneurons. To differentiate be-
tween interneurons and ascending tract neurons, stimulation of the spi-
nal cord at the level of T12, known to be rostral to the projection area of
lumbar interneurons (Fern et al., 1988), was used. Failure to respond to
stimuli supramaximal for activation of the ventral spinocerebellar tract
(VSCT) fibers in a given experiment (usually activated at �0.2 mA)
defined the neurons as lumbar interneurons. Interneurons mediating
Ia-reciprocal inhibition (Ia interneurons) were searched for in the L5 and
L6 segments. All neurons used for the analysis were activated from the Q
nerve. They were identified by monosynaptic excitation from Q (at
�1.4T ), the ability to discharge at 400 Hz, and inhibition via Renshaw
cells after stimulation of the L6 ventral root at intensities supramaximal
for �-motoneuronal axons (Hultborn et al., 1971a,b; Jankowska and
Roberts, 1972) (see Fig. 1, left). Interneurons mediating nonreciprocal
inhibition were searched for in the L6/L7 segments. Four such neurons
were identified by monosynaptic excitation by group I afferents at �1.7T
and by antidromic activation after stimulation of the ipsilateral lateral
funiculus at the L4 segment using tungsten electrodes inserted to a depth
of 1.5–2.5 mm in the area of the white matter through which axons of
these interneurons are known to project (Hongo et al., 1983) (see Fig. 1,
middle). The remaining intermediate zone interneurons were identified
by their input from group Ia and Ib afferents (from Q, PBST, ABSM, GS,
and Pl nerves), because a majority of such interneurons have been found
previously to project to the L4 level, because interneurons mediating
excitation from group I afferents were found to be located more caudally
(McCrea, 1998), and because no differences have been found in the
effects of monoamines within the population of these neurons. They will
be referred to as Ia/Ib interneurons.

Ionophoresis. The investigated pharmacological agents were applied in
the immediate area of the interneurons by ionophoresis. The recording
and drug-containing micropipettes were attached to a double microma-
nipulator with two separate microdrives (Engberg et al., 1972) and,

Figure 1. Experimental setup used for identification of interneurons and ionophoresis. Left, Diagram showing an interneuron
mediating Ia-reciprocal inhibition (Ia, gray) and examples of records used for the identification of Ia interneurons: monosynaptic
excitation from Q, their ability to follow activation at 400 Hz, and inhibition via Renshaw cells after stimulation of the L6 ventral root
at intensities supramaximal for �-motoneuronal axons. Middle, Diagram showing interneurons mediating Ia/Ib excitation (white)
and nonreciprocal inhibition ( gray) and records used to identify the inhibitory interneurons by antidromic activation from the L4
segment and lack of antidromic activation from the thoracic segments after stimulation up to 1 mA of either the ipsilateral (iTh) or
contralateral (coTh) lateral funiculus. Right, The arrangement of the two micropipettes used for the ionophoresis (Ionophor.) and
recording. They were attached to a double manipulator with separate microdrives. For details, see Jankowska et al. (1997, 2000).
In this and the following figures, the top traces in each pair show microelectrode records (with the negativity down) and bottom
traces show records from the cord dorsum and the time of arrival of the afferent volleys (with the negativity up). The time
calibration in the middle panel is for records in both panels. MN, Motoneuron; R, Renshaw cell; DSCT, dorsal spinocerebellar tract
neuron; VR, ventral root.
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therefore, could be placed close to the tested
neuron independently (Jankowska et al., 1997,
2000; Hammar et al., 2002) (see Fig. 1, right).
This device allowed us to use only the record-
ing pipette when tracking for interneurons
(and to insert the drug-containing pipette into
the spinal cord), placing it in a position close to
the recording pipette (with the tips of the two
pipettes 5–10 �m apart) just before starting the
ionophoresis. A 10 nA retaining current was
used when the drug-containing pipette was ad-
vanced through the spinal cord. Two series of
control records of interneuronal responses
were taken before the ionophoresis began: the
first control before the insertion of the drug-
containing pipette and the second control
when this pipette had reached its position close
to the recording pipette, but before ejecting
the drug, to ensure that the placement of the
micropipette did not have any mechanical
effects on the neuron. The drugs were ejected
by passing a negative current of 20 nA for up
to 3 min while simultaneously recording from
the neuron through the recording micropipette.
Changes in the resistance of the drug-containing
pipette during the ionophoresis were monitored
by continuously observing the shape and the amplitude of a current pulse.
After completing the ionophoresis, the drug-containing pipette was with-
drawn from the spinal cord, and the neurons were recorded from during a
recovery period lasting up to 25 min. The following compounds were used
(in M): 0.2 tizanidine (Sandoz, Basel, Switzerland), 0.1 clonidine (Sigma,
St. Louis, MO), 0.2 phenylephrine (Sigma), and 0.2 isoproterenol
(Sigma). The compounds were dissolved in distilled water with the
pH adjusted to 4.5 by adding HCl. The drug-containing pipettes had a tip
diameter of �2.5 �m and a resistance of 12–20 M�. We relied on previ-
ous control tests to exclude the possibility that any observed effects were
attributable to the effects of H� ions rather than the ionophoresed com-
pound (Bras et al., 1989) as well as on opposite effects of different drugs
when the same ionophoresis procedures were used. When no effects were
found, the compounds were tested on intermediate zone field potentials
evoked from group II afferents known to be depressed by these com-
pounds (Bras et al., 1989), to ensure that the solution was effective.

Analysis. The effects of ionophoresis were evaluated by comparing the
number of spike potentials evoked by nerve stimulation with any changes
in the latency before, during, and after ionophoresis. The comparison
was made with potentials evoked before the insertion of the drug-
containing pipette (control 1) rather than with those after the placement
of this pipette and directly preceding the ionophoresis (control 2), be-
cause of possible effects of diffusion of fast-acting drugs, despite the 10
nA retaining current. Responses to 20 consecutive stimuli were sampled
every 15 sec for as long as the ionophoresis continued and every 5 min
thereafter during the recovery phase. Peristimulus time histograms and
cumulative sums were created on-line and stored in parallel with the
original data records using a software program designed for this pur-
pose (Drs. Eide, Holmström, and Pihlgren, Göteborg University,
Göteborg, Sweden; see Jankowska et al., 1997). Spike potentials
evoked after either single stimuli or the first of a pair of stimuli were
used for this purpose, even when the neurons originally responded
only to the second stimulus. The reason for this was that when re-
sponses to the first stimuli appeared during application of mono-
amines, the refractory period after them precluded a reliable interpre-
tation of responses to the second stimuli. To restrict the data to
responses evoked by monosynaptic actions of group I afferents, these
were sampled within time windows of 1 msec (as measured from the
earliest response at latencies compatible with a monosynaptic cou-
pling, 0.8 –1.1 msec from the first positive peak of the afferent volley).
Data are expressed as means � SEM. The statistical significance was
calculated using Wilcoxon signed rank test.

Results
The main results of this study are that the synaptic actions of
group I afferents on Ia-inhibitory interneurons and Ia/Ib-
inhibitory interneurons are either depressed or unaffected by the
�2-adrenoceptor agonists clonidine and tizanidine, whereas they
are facilitated by the �1-adrenoceptor agonist phenylephrine and
the �-adrenoceptor agonist isoproterenol.

Effects of the �2-adrenoceptor agonists clonidine
and tizanidine
Clonidine
The effects of clonidine were investigated on five Ia interneurons
and seven Ia/Ib interneurons. As illustrated in Figure 2 and sum-
marized in Figure 4, clonidine depressed responses of both pop-
ulations of interneurons. The depression was expressed primarily
as a decrease in the number of responses evoked by a series of 20
stimuli. The latencies were modulated more variably and, al-
though they were delayed in some neurons, no clear overall ef-
fects were found. For Ia interneurons, the mean number of re-
sponses decreased from 13.6 � 2.3 to 7.4 � 3.4 ( p � 0.05), and
for Ib interneurons the mean number of responses decreased
from 8.7 � 2.2 to 4.1 � 1.9 ( p � 0.05) after 2 min of ionophore-
sis. As shown in Figure 4, the depression of Ia interneurons ap-
peared later but was more persistent than in Ia/Ib interneurons.
In Ia interneurons, no significant decrease in the number of re-
sponses occurred until after 1 min of ionophoresis, and the re-
covery was seen only after �5 min after the termination of the
ionophoresis. In contrast, depressive actions of clonidine on Ia/Ib
interneurons were usually seen already after 15–30 sec of iono-
phoresis and the recovery was prompt, starting just after the
ionophoresis was discontinued.

Tizanidine
The effects of tizanidine were investigated on nine Ia interneurons
and 10 Ia/Ib interneurons. In none of these neurons were any con-
sistent modulatory effects found during or after ionophoresis either
in the number of responses or in the latencies. After 2 min of iono-
phoresis, the mean number of responses had increased from 11.3 �
2.5 to 12 � 2.6 (not significant) in Ia interneurons, and it remained

Figure 2. Examples of the depression of responses of an Ia interneuron ( A–C) and an Ia/Ib interneuron ( D–F) by clonidine. A,
D, Control responses. B, E, Peristimulus time histograms aligned with the records in A and D, respectively, showing responses
before, during, and after ionophoresis. C, F, Cumulative sums of the same responses. Note the decrease in the number of responses
during ionophoresis, as indicated both by the histograms and by the height of the cumulative sums. Note also that the latencies are
longer during ionophoresis than during the control and recovery periods. Dotted vertical lines indicate minimal latencies in the
control records. The time calibration in F applies to all records. Vertical scale bars are for C and F.
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unchanged (11 � 1.49 compared with 11 � 2.05 after ionophoresis;
not significant) in Ia/Ib interneurons. In four of the nine Ia interneu-
rons, the ionophoresis was continued for an additional 1 min, up to
a total of 3 min, resulting in a mean number of responses of 11.5 �
0.3. This lack of effect of tizanidine is illustrated in Figure 3 and
summarized in Figure 4.

Effects of the �1-adrenoceptor agonist phenylephrine and the
�-adrenoceptor agonist isoproterenol
Phenylephrine
In contrast to the effects mediated by the �2-receptor agonists
tizanidine and clonidine, the modulatory effects of the �1-
receptor agonist phenylephrine were facilitatory on the two pop-
ulations of investigated interneurons. In both Ia interneurons
(n � 5) and Ia/Ib interneurons (n � 8), the onset of facilitation
was prompt and evident already after 15 sec of ionophoresis, with
the number of responses having increased from 5 � 1.3 to 16.4 �
1.8 ( p � 0.05) after 2 min of ionophoresis for Ia interneurons and
from 9 � 1.76 to 17.7 � 0.6 ( p � 0.05) for Ia/Ib interneurons.
The recovery was slow, and in several cases it was reflected pri-
marily in a change in the slope of the histograms, as illustrated in
Figure 5 (left), rather than in the total number of responses
plotted in Figure 7. For the entire sample, the number of
responses 10 –15 min after ceasing ionophoresis remained sig-
nificantly increased [15 � 1.9 ( p � 0.05) and 15.3 � 1.1 ( p �

0.05) for Ia and Ia/Ib interneurons, respectively]. The latencies
were affected less clearly, with occasional records showing la-
tencies shorter than control responses (by �0.16 msec); how-
ever, for the sample as a whole there was no statistically signif-
icant effect. The facilitation is exemplified in Figure 5 and
summarized in Figure 7.

Isoproterenol
The modulatory effects of the �-receptor agonist isoproterenol
were found to be facilitatory on both Ia interneurons (n � 5) and
Ia/Ib interneurons (n � 6), although the effect was much weaker
than that of phenylephrine. In some cells, the modulatory effect
was reflected in the changes in the slope of the histograms, as in
Figure 6, rather than in the number of responses. When the num-
ber of responses was compared, as in Figure 7, the facilitation was
not seen until after at least 1 min of ionophoresis and was only
moderate after 2.5 min for Ia interneurons, with the mean num-
ber of responses increased from 12.8 � 1.2 to 14.5 � 0.8 ( p �
0.05). It was not statistically significant for Ia/Ib interneurons
(responses increased from 10.3 � 3.to 12.5 � 2). The latencies
were not changed consistently, although in some neurons they
were sometimes shortened. Examples of the strongest facilitatory
actions of isoproterenol are shown in Figure 6.

Discussion
Differential modulation of responses evoked by NA agonists
Although previous studies did not reveal any modulatory actions
of monoamines on transmission from group I afferents (Lund-
berg, 1965; Anden et al., 1966; Jordan et al., 1977; Bras et al.,
1989), it has been demonstrated recently that activation of some
neurons by group I afferents is facilitated by monoamines. The

Figure 3. Examples of negligible effects of tizanidine on responses of an Ia interneuron (left)
and an Ia/Ib interneuron (right). Top, Neuronal responses to stimulation of the peripheral nerves
and simultaneously obtained records of afferent volleys from cord dorsum. Bottom (and aligned
with the neuronal responses), Cumulative sums showing responses before, during, and after
the end of ionophoresis. Note that the number of responses remained practically unaffected
during ionophoresis. The latencies also were practically unaffected, although, as illustrated on
the left, shorter latencies were noted occasionally. Other indications are as in Figure 2.

Figure 4. Comparison of effects of clonidine and tizanidine on samples of Ia and Ia/Ib inter-
neurons. The effects of the two agonists are indicated by changes in the number of responses
evoked by 20 consecutive stimuli (single or the first of two stimuli). The ordinate mean number
of responses with SEM is shown. Control 1, Responses evoked before placement of the drug-
containing microelectrode. Control 2, Responses evoked after placement of the drug-containing
microelectrode. Other data are for the time periods indicated below the bars during ionophore-
sis and during periods of 1–5 and 6 –15 min of recovery after the end of ionophoresis. Statisti-
cally significant changes with respect to the first control data are indicated by an asterisk ( p �
0.05). Dotted lines indicate mean number of responses in control 1.
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investigated neurons included neurons of origin of the VSCTs
(Jankowska et al., 1998; Hammar et al., 2002) and the two popu-
lations of inhibitory interneurons (Jankowska et al., 2000) fur-
ther investigated in the present study, interneurons mediating
reciprocal inhibition of motoneurons from group Ia afferents,
and interneurons mediating nonreciprocal inhibition from
group Ia and Ib afferents. The results reported in this study show
that the previously described facilitatory actions of NA on these
neurons are reproduced by ionophoretic application of the �1-
receptor agonist phenylephrine and, although to a lesser degree,
by the �-receptor agonist isoproterenol, but not by the �2-
receptor agonists clonidine and tizanidine. Clonidine, instead,
has been found to depress activation of these interneurons (i.e., to
have an effect opposite of that of NA), and tizanidine has been
found to lack any effect. The results, summarized in Figures 4 and
7, indicate that, despite some differences in the kinetics of the
effects (the time to onset and the duration), interneurons of the
two populations behave in a similar way after application of each
of the tested agonists. This might indicate a similar expression
and distribution of the involved receptor subtypes on presynaptic
group I afferent terminals and/or on the postsynaptic interneu-
ronal membrane.

The facilitatory effects of phenylephrine were found to be
stronger than the effects of isoproterenol on Ia- and Ia/Ib-
inhibitory interneurons (this study) as well as on VSCT neurons
(Hammar et al., 2002), indicating a particularly important role of

�1-subclass membrane receptors in these modulatory actions.
Because �1-subtype membrane receptors are reported to be lo-
cated primarily postsynaptically on neurons and to act by de-
creasing potassium conductance (Nicoll et al., 1990), and because
there is as yet no information on the expression of �1-subtype
membrane receptors on terminals of primary afferents, these ef-
fects are most likely mediated by the activation of postsynaptic
membrane receptors on the neurons. Postsynaptic noradrenergic
contacts have been identified on VSCT neurons with monosyn-
aptic group I input (Hammar and Maxwell, 2002), and there also
are strong indications for such contacts on Ia and Ia/Ib interneu-
rons (Maxwell et al., 2000). Of the two �2-receptor agonists,
which failed to reproduce the previously observed effects of NA,
clonidine has been found to depress activation of both VSCT
neurons (Hammar and Maxwell, 2002) and interneurons inves-
tigated in this study. Studies on the distribution of �2 receptors in
the spinal cord are still at a very preliminary stage. However, �2
receptors have been found on some spinal neurons (Rosin et al.,
1996; Shi et al., 1999) and on some primary afferent terminals
containing substance P (Stone et al., 1998) in the rat, and al-
though no NA-containing axons have been found to form axo-
axonic contacts with terminals of primary afferents in the feline
spinal cord (Maxwell and Bannatyne, 1983; Doyle and Maxwell,
1991), they could be activated by volume conductance (Agnati
and Fuxe, 2000). The depressive actions of clonidine might be
mediated, therefore, by actions on primary afferents as well as on
neurons contacted by them, and the resulting depression may
reflect the sum of the modulatory actions at both of these
locations.

The differences in the effects of the two tested �2-receptor

Figure 5. Examples of facilitation of responses of an Ia interneuron and an Ia/Ib interneuron
by phenylephrine (Phe). Top records show responses of the neurons aligned with records of
afferent volleys and with cumulative sums of these responses before, during, and after iono-
phoresis, as in Figure 3. Note the marked increase in the number of responses during ionophore-
sis and shorter latencies. Dotted lines indicate mimimal latencies in control records.

Figure 6. Examples of facilitation of responses of an Ia interneuron and an Ia/Ib interneuron
by isoproterenol (Iso). Top records show responses of the neurons aligned with simultaneously
recorded afferent volleys and cumulative sums of these responses, as in Figure 3. Dotted lines
indicate mimimal latencies in control records.
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agonists, clonidine and tizanidine, on interneurons investigated
in the present study and on VSCT neurons so far cannot be ex-
plained, because this would require a better knowledge of the
mode of actions of these drugs on spinal neurons. However, be-
cause both of these agonists may act on �1- as well as on �2-
membrane receptors (Coward, 1994), their effects may depend
on the degree of activation of �1- and �2-membrane receptors on
the various neurons and on the summation of activation of these
receptors.

Functional considerations
Deficits in the monoaminergic modulation of transmission from
primary afferents to motoneurons and interneurons in the spinal
cord may be one of the mechanisms behind pathological changes
in motor performance after injuries to the CNS, in the case of
spasticity in particular. Hyperexcitability of �-motoneurons as-
sociated with exaggerated stretch and flexion reflexes in spastic
patients may be caused by several factors. Strong evidence has
been provided that these factors involve pathological changes at
the level of �-motoneurons themselves, including observations
that bistability and plateau potentials in �-motoneurons accom-
pany hyperreflexia after spinal injuries in cats and rats (Hultborn
and Malmsten, 1983a,b; Eken and Kiehn, 1989; Taylor et al.,
1997; Bennett et al., 2001a,b). Strong evidence also has been pro-
vided for the involvement of pathological changes at a premo-
toneuronal level. After electrical stimulation of group II afferents
in muscle nerves, oligosynaptically evoked excitation of mo-
toneurons has been shown to be enhanced considerably in spastic
patients in which monosynaptic reflexes from group Ia afferents
(H-reflexes) were not changed (Marque et al., 2001). Weakening
of presynaptic inhibition of transmission from group I afferents
was observed less consistently (Faist et al., 1994; Aymard et al.,
2000), and postsynaptic inhibition from group I afferents was

found to be not only depressed (Nakashima et al., 1989; Del-
waide, 1993; Crone et al., 1994; Delwaide and Pennisi, 1994) but
also enhanced (Yanagisawa and Tanaka, 1978; Boorman et al.,
1991). One of the means to estimate the relative contribution of
these factors to the development of spasticity might be to com-
pare the effects of the compounds that reduce spasticity on mo-
toneurons and on interneurons in various reflex pathways to
motoneurons. Such a comparison shows that antispastic norad-
renergic drugs, e.g., clonidine (Nance et al., 1989; Coward, 1994),
would enhance rather than weaken motoneuronal bistability
(Conway et al., 1988) or would not have any effect on plateau
potentials in chronically isolated spinal cord segments (D. J. Ben-
nett, personal communication). These drugs also would weaken
rather than enhance the inhibition of motoneurons by group I
afferents (present study) and would not have any effect on the
presynaptic inhibition of group I afferents (Anden et al., 1966).
�2-Receptor agonists, therefore, could not be expected to coun-
teract spasticity by acting directly on motoneurons or by modu-
lating input from group I afferents to these neurons. The depres-
sive effects of NA, clonidine, and tizanidine on interneurons in
excitatory pathways between group II muscle afferents and mo-
toneurons (Bras et al., 1990; Jankowska et al., 2000; Jankowska
and Hammar, 2002) are, on the contrary, fully in keeping with the
postulated antispastic effects of �2-receptor agonists related to
the depression of activation of these interneurons and of their
actions on motoneurons. It has been proposed, therefore, that the
lack of inhibitory control of interneurons in excitatory pathways
between group II muscle afferents and motoneurons by descend-
ing monoaminergic pathways is one of the main causes of hyper-
excitability of motoneurons associated with spasticity at a premo-
toneuronal level (Jankowska, 1993; Eriksson et al., 1996;
Jankowska and Hammar, 2002). The results of the present study,
therefore, are in full support of this proposal.
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