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SUMMARY

1. The responses of identified cells in the cat Clarke's column and dor-
sal horn to micro-electrophoretically applied cholinomimetics and anti-
cholinergic substances have been investigated.

2. Both antidromically identified (DSCT neurones) and synaptically
activated neurones from the region of the Clarke's column of the spinal
cord were excited by ACh. However, the proportion of ACh excited cells
was greater in units synaptically activated by ipsilateral dorsolateral
funiculus stimulation (78%) than in DSCT neurones (50%). In addition,
about 55% of neurones activated either antidromically or synaptically
by ipsilateral dorsal column stimulation were excited by ACh.

3. In contrast to a relatively weak excitatory potency on the DSCT
neurones (maximum firing frequency did not exceed 130% of the control
level), ACh proved to be a more potent excitant of units synaptically
activated by ipsilateral dorsolateral funiculus stimulation (maximum
firing frequency reached 430% of the control level).

4. ACh has a relatively quick and rapidly reversible excitatory effect
on Clarke's column neurones and some types of dorsal horn interneurones,
which can be obtained also with nicotine. However, the action of nicotine
is frequently delayed in onset and recovery. This excitatory action of
ACh can be blocked or markedly depressed by dihydro-,f-erythroidine.
These results and those obtained with acetyl-,8-methylcholine and atropine
seem to suggest that the receptors mediating excitation of the cholino-
ceptive spinal cells activated either antidromically or synaptically by
ipsilateral dorsolateral funiculus stimulation besides predominantly
nicotinic have also weak muscarinic properties.
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5. Desensitization with repeated applications of ACh and nicotine has

been observed in both DSCT neurones and units antidromically activated
by ipsilateral dorsal column stimulation.

6. About 11% of units antidromically activated by ipsilateral dorso-
lateral funiculus stimulation were depressed by ACh. In addition, the
depressant effect of ACh was more frequently encountered in the cells
unresponsive either to the dorsolateral funiculus or dorsal column stimula-
tion. ACh depression was also seen in units activated either antidromically
or synaptically by ipsilateral dorsal column stimulation. In contrast,
none of the units synaptically activated by the ipsilateral dorsolateral
funiculus stimulation were depressed by ACh. The same was true for
spinal neurones receiving convergent peripheral inputs activated either
antidromically or synaptically by ipsilateral dorsolateral or dorsal column
stimulation.

7. The findings that ACh depression of all tested DSCT neurones
is blocked by atropine and readily evoked by acetyl-fl-methylcholine
indicates that receptors mediating the effect are of muscarinic type.

INTRODUCTION

Biochemical and histochemical studies have demonstrated the presence
of acetylcholine (ACh), choline acetyltransferase and acetylcholinesterase
in the spinal cord (MacIntosh, 1941; Feldberg & Vogt, 1948; Roessmann
& Friede, 1967; Kasa, Mann & Hebb, 1970; Silver & Wolstencroft, 1970,
1971; Odutola, 1972). A number of workers have studied the chemical
sensitivity of spinal cord interneurones to ACh, but the results obtained
are controversial. Thus Curtis, Phillis & Watkins (1961) could not find
any effect of ACh, while Engberg & Ryall (1966) reported that some spinal
interneurones were depressed by ACh. Weight & Salmoiraghi (1966)
besides confirming the depressant effect of ACh, found interneurones
throughout the grey matter facilitated by ACh. On the basis of their
findings and the results obtained following systemic application of ACh
(Feldberg, Gray & Perry, 1953; Fernandez DeMolina, Gray & Palmer,
1958) Weight & Salmoiraghi suggested that ACh could function as an

excitatory transmitter in the spinal cord.
To further investigate this possibility we have studied the chemical

sensitivity of the cat Clarke's column neurones and the dorsal horn inter-
neurones to ACh and some cholinomimetic and anticholinergic drugs. We
have found that ACh produces both excitation and depression in Clarke's
column neurones and some dorsal horn interneurones. The nature of the
responses to ACh and the pharmacological properties of receptors medi-
ating excitation and depression in spinal neurones are described in this
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paper. In addition an attempt has been made to relate excitation or de-
pression, of identified cat Clarke's column neurones and to a lesser degree
some dorsal horn interneurones produced by ACh, to a synaptic input.
Preliminary accounts of some of the material presented here have ap-
peared elsewhere (Randic & Myslinski, 1974; Myslinski, Randicr& Led-
gere, 1974; Randi6 & Myslinski, 1976).

METHODS

Experiments were carried out on seventy-seven adult cats of either sex. The
animals were initially anaesthetized with ether (Mallinckrodt) or halothane (Fluo-
thane, Ayerst). The brain was anaemically destroyed by bilateral occlusion of the
common carotid and vertebral arteries. The spinal cord was transacted at the first
cervical level and the brain rostral to the section was pithed. Thereafter, the animal
was maintained on artificial respiration and immobilized by intravenous injections
of gallamine triethiodide (Flaxedil, American Cyanamid Co.) or by a constant in-
fusion of succinylcholine chloride (Anectine, Burroughs Wellcome). Body tempera-
ture was maintained at 37± 1 C by means of an automatic servo-control device. Both
carotid blood pressure and end-tidal carbon dioxide concentration were monitored
throughout the experiment, the latter being maintained between 4 and 5%.
The spinal cord was exposed at two regions, one the upper three segments of the

thoracic cord and the other the third lumbar segment. The spinal cord was hemi-
sected just above the first thoracic segment and the dorsal column and the left
dorsolateral funiculus were dissected for about 1 cm caudal to the section, after
which they were prepared separately for electrical stimulation. Electrical recording
from the neurones of the dorsal spinocerebellar tract (DSCT) of the Clarke's column
was identified by action potentials following stimulation of the ipsilateral dorso-
lateral funiculus. Movement of the spinal cord was minimized by rigid clamping
of the spinal column and the pelvis in addition to performing a bilateral pneumo-
thorax. For further stabilization of the spinal cord, 2 % agar in lactated Ringers
solution (Hartmann's solution, Baxter Laboratories) was used.

Activity of the Clarke's column neurones was recorded extracellularly through
the central barrel of a five-barrelled glass micropipette, filled with a solution of fast
green (FCF, Matheson, Coleman and Bell) saturated in 3 M sodium chloride. The
site of recording was thus marked with dye by passing current (10 ,tA for 10
min) through the recording barrel. The size of the common tip of the five-barrelled
glass micro-electrode was between 4 and 6 jam. The construction and filling of the
five-barrelled micropipettes have been described by Krnjevic & Phillis (1963). The
technique and theory of microelectrophoresis in its present application has also
been elaborated in detail with attention to its limitations (Curtis, 1964; Salmoiraghi
& Stefanis, 1967; Krnjevi6, 1971). One of the outer barrels of the micropipette con-

tained 1-3 M sodium chloride ('balance' channel) which served as a control for the
usual excitatory effect of inward (tip negative) current or the depressing effect of
outward (tip positive) current. The remaining outer barrels were filled with aqueous
solutions of the various salt complexes to be tested.
The drugs used with their usual concentrations and pH values were as follows:

ACh chloride (0 5 or 1P0 M, pH 4 0-4A4, K & K labs; Schwarz/Mann); acetyl-fl-methyl-
choline chloride (0.5 or 1 0M, pH 4-0, Aldrich Chemical Co.); atropine sulphate (0-01 or

0-2 M, pH 4-4 or 5 5, Schwarz/Mann); carbaminoyl choline chloride (0.5 or 1 0 M,
pH 44A47. Gallard Schlesinger, BDH); dihydro-/1-erythroidine hydrobromide
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(0*1 M, pH 5 3, Merck, Sharp and Dohme Res. Laboratories); nicotine hydrogen
(+ )-tartrate (0 5 M, pH 4-0-43, B.D.H.; Gallard-Schlesinger).

Sensory inputs to the Clarke's column and dorsal horn neurones were determined
either by electrical stimulation of several peripheral nerves dissected out in the left
hind limb or by natural (adequate) stimuli applied to the left hind limb with intact
innervation. The peripheral nerves prepared for electrical stimulation were four
muscle nerves (quadriceps, posterior biceps-semitendinosus, triceps surae and deep
peroneal) and three cutaneous nerves (sural, posterior femoral cutaneous and super-
ficial peroneal). Identification of sensory receptor types was primarily based on the
criteria described by Burgess, Petit & Warren (1968).

RESULTS
Excitation by ACh

In total, one hundred and twenty-two spinal neurones located either in
the Clarke's column or the dorsal horn were tested with ACh. ACh was
expelled from the micropipette as a cation with currents ranging from 20
to 200 nA for periods up to 2 min. In an attempt to define more precisely
the type of unit responding to ACh, the responses of cells to electrical
stimulation of the ipsilateral dorsolateral funiculus and dorsal column
were noted. The results are summarized in Table 1.

Cells antidromically activated by ipsilateral dorsolateral funiculus elec-
trical stimulation. About 75% of these cells were located within the
Clarke's column and thus were identified as the dorsal spinocerebellar
tract neurones. Identification of units adequately activated by hair
movement and/or both hair movement and light touch on the skin of the
ipsilateral hind limb and lying dorsolaterally to Clarke's nucleus in the
dorsal grey column of the spinal cord was not performed in these experi-
ments by antidromic activation in response to electrical stimulation of
the ipsilateral anterior cerebellar cortex. Therefore, we are uncertain
about the proportion of DSCT neurones within this group (Randic,
Myslinski & Gordon, 1976). Out of the fifty-one neurones antidromically
activated by electrical stimulation of the dorsolateral funiculus and
receiving excitatory inputs from muscle or joint or cutaneous receptors
about 50% of the units were weakly excited by ACh (Table 1). However,
five cells receiving convergent inputs (the convergent group includes only
those neurones which receive excitatory inputs from more than one of the
three sources, i.e. muscle, cutaneous and joint) proved to be insensitive
to ACh. Excitation was observed as initiation of firing in previously
quiescent cells or as an increase in the rate of spontaneous firing. Excita-
tion had a latency of 1-5 see and persisted maximally for about 5 see after
ending the ACh ejection. Except for two units, excitation was not seen
if ACh was administered with currents of less than 60 nA. In a majority
of these neurones, the maximum increase in firing rate produced by ACh
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did not exceed 130% of the control level. A typical excitatory response
to ACh of a unit receiving afferent input from muscle receptors is illus-
trated in Fig. 1. As seen in Fig. 1, when ACh was applied with a current
of 60 nA, there was a latent period of about a second before an increase
in firing occurred. On stopping the current, the firing declined to the

Fig. 1. The excitatory response to ACh (60 nA) of a spontaneously active
DSCT cell receiving afferent input from muscle receptors. Note that ACh
has a relatively quick and rapidly reversible excitatory effect on this cell.
Photographic oscilloscope records of extracellular spike potentials from
moving film.

control level within a second. Another remarkable feature was post-
excitatory reduction in excitability of the cell, as manifested by the
'pauses' in spontaneous firing, frequently lasting in excess of a second.
In contrast, for example, to pyramidal tract cells (Stone, 1972), a

tachyphylaxis was frequently apparent in the DSCT neurones. An example
of tachyphylaxis to ACh is shown in Fig. 2, where a decrease in response of
a DSCT-muscle unit to successive applications of ACh with currents of
either 120 nA (Fig. 2A) or 160 nA (Fig. 2 B) is apparent. With either value
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of current, a period of 2-3 min elapsed between successive applications of
ACh.

Cells synaptically activated by ipsilateral dorsolateral funiculus electrical
stimulation. In contrast to a relatively weak excitatory potency on the
DSCT neurones, ACh proved to be a more potent excitant of the Clarke's

A _L__

_S -- _ _~~~~~~~~~~~~I
ACh 120 nA

unuji itWLiL~iLL~JI ti LI

HI~~~~~~~~~~~~~~~~~~2
ACh 160 nA

10 sec

Fig. 2. ACh desensitization in a DSCT neurone receiving afferent input from
muscle receptors. Rate-meter record for a spontaneously active unit
facilitated by ACh (120 nA in A; 160 nA in B). Repeated applications of

ACh lead to a decline in the excitatory effect (desensitization), as seen in

the lower records in A and B.

column neurones, which were synaptically activated in response to elec-
trical stimulation of the ipsilateral dorsolateral funiculus. Out of twenty-
three cells tested, eighteen units (about 78%) were excited with ACh
(Table 1). In these neurones the increase in the maximum firing frequency
was in the range of 210-430% of the control level and was achieved
within 5-20 see of the onset of ACh application. As in DSCT cells the
principal characteristics of the excitatory action of ACh were its relatively
quick onset (03--3 see; latency frequently increasing with higher ACh-
currents) and cessation within 1-2 see of the end of ACh application. The
tachyphylaxis was also present in these neurones.

ACh was equally potent in units receiving sensory inputs from muscle
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and cutaneous receptors. However, it is of interest that all six cells having
convergent inputs were strongly excited by ACh.

(1el18 synaptically activated by ip8ilateral dor8al column electrical 8timula-
tion. Out of twelve cells synaptically activated in response to electrical
stimulation of the dorsal column and receiving sensory inputs from various
types of cutaneous receptors about 50% were excited by ACh (Table 1).

Fig. 3. The excitatory response to ACh (160 nA) of a spontaneously active
unit synaptically activated by electrical stimulation of the ipsilateral dorsal
column and receiving afferent input from the high threshold mechanorecep-
tors. Photographic oscilloscope records of spike potentials from moving
film.

The characteristics of the excitatory action of ACh were similar to those
described above for two other types of spinal neurones. The average
increase in the firing rate was 151%. The excitatory response to ACh
(160 nA) in a unit activated by a noxious stimulus (strong pinch to the
skin of the calf) is illustrated in Fig. 3. In addition, six cells having con-
vergent inputs were all excited by ACh. One example of a unit receiving
both, proprioceptive and cutaneous inputs is seen in Fig. 4. In contrast
four cells activated from muscle or joint receptors were insensitive to
ACh.
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Cells antidromically activated by ipsilateral dorsal column electrical

stimulation. Out of five cells antidromically activated by electrical stimula-
tion of the left dorsal column, three were excited with a short latency
(1-2 sec) by ACh (Table 1). The maximum firing frequency did not exceed
152% of the control level. ACh (80-120 nA applied for 1-2 min) frequently

Fig. 4. The excitatory response to ACh (120 nA) of a spontaneously active
unit synaptically activated by electrical stimulation of the ipsilateral dorsal
column and receiving convergent (muscle, joint and cutaneous) afferent
inputs. Unit activated by adequate stimulation (passive movement of
knee joint), as shown in A (NAT STIM). The horizontal bars below the
records indicate the duration of adequate stimulation (A) and micro-
electrophoretic ACh application (C, D, E).

produced a change in the pattern of discharge of the cells activated by
cutaneous afferent volleys, which was manifested as an increase both in
the number of high frequency bursts and the number of the action poten-
tials within each burst, leaving the number of single action potentials
unchanged or slightly increased (Fig. 5). Desensitization with repeated
applications of ACh was observed in these neurones, as well.

Cells not activated either by ipsilateral dorsolateral funiculus or dorsal

203



N. R. MYSLINSKI AND M. RANDIO
column 8tiMUlation. Out of sixteen units which did not send their axons
either in the ipsilateral dorsolateral funiculus or the dorsal column, five
cells were strongly excited by ACh. The maximum increase in the firing
rate produced by ACh varied between 200 and 300% of the control level.
The excitatory effect of 80 nA of ACh on a unit receiving input from the

Fig. 5. ACh-produced change in the pattern of a discharge of a cell anti-
dromically activated by electrical stimulation of the ipsilateral dorsal
column and receiving cutaneous afferent input. ACh (60 nA) facilitated
firing and produced a change in the pattern of discharge, which was mani-
fested both as an increase in the number of high frequency bursts and
the number of the action potentials within each burst, leaving the number
of single action potentials unchanged or slightly increased.

hip joint is illustrated in Fig. 6. In some units post-excitatory depression of
the spontaneous firing lasted for more than 15 sec. Tachyphylaxis with
repeated applications of ACh was observed.

Location of ACh-excited units. Location of the cell bodies of the ACh-
excited Clarke's column neurones and the dorsal horn interneurones was
examined by marking the recording site with fast green (see Methods).
The site of the recording was marked only when the extracellular response
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showed a biphasic configuration (some response) with peak-to-peak
amplitude in excess of 1-5-2-0 mV. After marking, the spinal cord was
fixed with 10% formalin and sectioned transversely at 20 ,gm. Relative
dye positions marked for twenty-two neurones are reproduced in Fig. 7,
using the outline of Clarke's column (interrupted line-oval), the grey-
white matter boundary (continuous line) and the central canal (filled

Fig. 6. The excitatory effect of ACh (80 nA) on a spontaneously active
unit receiving afferent input from the hip joint. Unit was not activated
either by ipsilateral dorsolateral funiculus or dorsal column electrical
stimulation. Photographic oscilloscope records of extracellular spike
potentials from moving film.

circle) as landmarks. In agreement with our previous findings (Randi6' et
al. 1976), the cell bodies of ACh-excited DSCT neurones receiving muscle
inputs were always found to be located within Clarke's column, while the
DSCT neurones activated by hair movement and/or both hair movement
and light touch of the skin on the ipsilateral hind limb were located in the
dorsal grey column of the spinal cord. It is of interest that three out of
four Clarke's column neurones synaptically activated in response to
electrical stimulation of the dorsolateral funiculus and strongly excited
by ACh in our experiments were found either within the Clarke's column
or in its fringe. The latter finding differs from the previous reports on the
location of the synaptically activated Clarke's column neurones (Kostyuk,
1969). In contrast, the Clarke's column neurones, which did not project
either in the ipsilateral dorsolateral funiculus or the dorsal column, were
found to be located in the fringe of Clarke's column and thus might
belong to the border cells.
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Depression by acetylcholine
Six out of fifty-six units (i.e. 11%) antidromically activated by the

ipsilateral dorsolateral funiculus stimulation were depressed by ACh, if
applied with currents between 60 and 160 nA for periods up to 2 min
(Table 1). ACh depression could also be demonstrated in the units acti-
vated either antidromically or synaptically by the dorsal column stimula-
tion. The depression was manifested as a reduction in the rate of spon-
taneous firing. Typically the effect had a delayed onset (5-10 sec) and
outlasted ACh-ejection for a similar period, as illustrated in Fig. 8. Since

Fig. 7. Distribution ofACh-excited neurones at lumbar spinallevels examined
by marking the site of extracellular recording with fast green. Continuous
line, the grey-white matter boundary. Dashed oval, Clarke's column.
Shaded circle, central canal. Filled circles, DSCT muscle cells; open circles,
cells antidromically activated by ipsilateral dorsolateral funiculus electrical
stimulation; filled triangles, cells synaptically activated by ipsilateral
dorsolateral funiculus stimulation; open triangle, cell synaptically activated
by ipsilateral dorsal column stimulation; filled squares, cells not activated
either by ipsilateral dorsolateral funiculus or dorsal column stimulation.
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the actual passage of outward current may depress the firing of the
neurones it is important to distinguish accurately between the effects
of ACh itself and the associated current flow. We believe that the depres-
sant action of ACh observed in the spinal neurones described here is not
an artifact for the following reasons: (1) The depressant effect of ACh

Fig. 8. The depressant effect of ACh (160 nA) on a unit receiving bilateral
convergent input. Unit was not activated either by ipsilateral dorsolateral
funiculus or dorsal column electrical stimulation. Photographic oscilloscope
records of extracellular spike potentials from moving film.

was seen when equal iontophoretic currents applied through the control
barrel (containing NaCl) had no effect (Fig. 9). It might be argued that
this result was due to the tip of the ACh-containing barrel being closer
to the unit under study than the tip of the control barrel. However, the
depressant effect of ACh was seen with many different electrodes. (2) The
delayed effect of ACh with regard to the onset and the end of the ionto-
phoretic current was in sharp contrast with the immediate effect, if any,
of NaCl current alone.

It is of interest that the depressant effect of ACh was more frequently
encountered in the cells unresponsive either to the dorsolateral funiculus
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or dorsal column stimulation. In contrast none of the twenty-three tested
units synaptically activated by the ipsilateral dorsolateral funiculus
stimulation were depressed by ACh. The same was true for the spinal
neurones receiving convergent peripheral inputs, activated either anti-
dromically or synaptically by ipsilateral dorsolateral funiculus or dorsal
column electrical stimulation (Table 1).

Fig. 9. Same unit as illustrated in Fig. 8. NaCl (160 nA) is without effect
on the spontaneous discharge.

Cholinomimetics
The existence of two different types of spinal unit responses (excitation

or depression) to microiontophoretically applied ACh suggested that two
types of receptors might be present on those cells. Therefore nicotine,
acetyl-,8-methylcholine (cholinomimetic with muscarinic properties in
other systems) and carbaminoylcholine (cholinomimetic with nicotinic
properties in other systems) were tested on spinal neurones. As seen in
Table 2, thirteen out of twenty cells excited by acetylcholine with ejection
currents between 20 and 200 nA were also excited by nicotine applied
with similar amounts of positive current. Although similarly as with ACh
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in some dorsal spinocerebellar tract neurones, a very quick and rapidly
reversible excitatory effect is observed with nicotine (Fig. 10), the excita-
tion caused by nicotine frequently is delayed in onset and recovery
(latent period varying between 10 and 25 sec, while recovery frequently
lasting up to 45 sec; see Figs. 11 and 12), and rather less current is required

Fig. 10. Excitatory responses to ACh (A, 200 nA) and nicotine (B, 200 nA)
of a spontaneously active DSCT cell receiving efferent input from muscle
receptors. Note that both excitations are very rapid in onset and
recovery. Photographic oscilloscope records of extracellular spike potentials
from moving film.

on the average to cause an acceleration comparable to ACh of the back-
ground discharge. Nicotine weakly excited about 50% of the units anti-
dromically activated either by the ipsilateral dorsolateral funiculus or the
dorsal column stimulation (maximum increase in the firing frequency did
not exceed 123% of the control level) and more strongly excited about
70% of the units synaptically activated, as well as two cells which did
not project either in the ipsilateral dorsolateral funiculus or the dorsal
column. In these latter two types of cells the maximum increase in the
firing frequency varied between 170 and 655% of the control level.
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Fig. 11. Excitatory effect of nicotine (40 nA) in a cell synaptically activated
by ipsilateral dorsal column stimulation and receiving convergent inputs
(cutaneous and joint). Excitation produced by nicotine is delayed in onset
and recovery (A). It is manifested in this unit as a larger increase in the
number of single action potentials (C) than in the number of high frequency
bursts of electrical spike activity (B).
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Fig. 12. An example of desensitization to both ACh (120 nA) and nicotine
(120 nA) of a cell antidromically activated by ipsilateral dorsal column
stimulation receiving cutaneous input. Excitatory responses to both ACh
and nicotine are reduced with second application (compare responses to
ACh and nicotine in A and B).
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Tachyphylaxis with repeated applications of nicotine was observed (Fig.
12). Nicotine produced a change in the pattern of discharge in several
units receiving cutaneous or convergent inputs, which was manifested
as a larger increase in the number of single action potentials (Fig. 110)
than the increase in the number of high frequency bursts of electrical
spike activity (Fig. 1 B). ACh depressed units were always unresponsive
to nicotine (Fig. 13).

ACh 120 nA

Nic 120 nA
15

10

5

0 -

0 1 2 3 4 5
Minutes

Fig. 13. Depressant effect of ACh (120 nA) in a unit synaptically activated
by ipsilateral dorsal column stimulation and receiving convergent afferent
input. The unit is unresponsive to nicotine (120 nA).

Acetyl-f-methylcholine was tested in ten cells responding to ACh either
with excitation or depression, being activated either antidromically or

synaptically during electrical stimulation of the ipsilateral dorsolateral
funiculus. Acetyl-fi-methylcholine (80-160 nA applied for 1-2 min) was
found to depress all cells (n= 3) which were also depressed by ACh. The
depression produced by acetyl-,8-methylcholine was similar in latency
and duration to that produced by ACh. In contrast, acetyl-,f-methyl-
choline (120-200 nA applied for 1-2 min) weakly excited only three out
of seven cells which were all excited by ACh. The excitation had a latency
of up to 60 see and usually persisted for up to 45 see after ending the
acetyl-,8-methylcholine ejection.

Carbaminoylcholine (40-120 nA applied for up to 60 sec) depressed
five cells, which responded to ACh with excitation. All cells received

212



SPINAL NEURONES AND ACh

cutaneous afferent inputs and were activated either antidromically or
synaptically by the ipsilateral dorsal column stimulation.

Anticholinergic agents - dihydro-/3-erythroidine and atropine
In order to get more information about the type of receptors mediating

ACh-excitation and ACh-depression in Clarke's column and other dorsal
horn neurones we have applied the nicotine receptors blocking agent
dihydro-fl-erythroidine (DH/JE) and the muscarinic receptors blocking
agent atropine to these cells. Eight of the cholinoceptive units were tested
with DH/3E applied either microelectrophoretically as a cation with currents

ACh81 DHBE40 ACh 80

_ACh 80

,,20-

0 2 4 6
Minutes

Fig. 14. Antagonism of ACh excitation by dihydro-fl-erythroidine (DHBE)
in a DSCT cell receiving afferent input from muscle receptors. Note that
DHBE (40 nA) administration alone facilitated spontaneous activity.

ranging between 30 and 60 nA for periods of 2-5 min, or systemically
(0 1-0 2 mg/kg b.w. i.v.). Five of these cells were antidromically activated
by ipsilateral dorsolateral funiculus electrical stimulation, while three
cells responded synaptically. In four out of eight tested cells DH/JE com-
pletely blocked both ACh and nicotine excitations, while in three cells
only a partial antagonism to ACh excitatory response was observed. The
blocking effect of DH/JE (40 nA) on ACh excitation in a DSCT neurone
receiving muscle input is illustrated in Fig. 14. ACh depression was not
blocked by DH/IE. In several cholinoceptive cells a direct excitant effect
of DHflE was noted similar to that described for medullary (Salmoiraghi
& Steiner, 1963), ventrobasal thalamic (Andersen & Curtis, 1964) and
neurones in the pyriform cortex (Legge, Randic & Straughan, 1966).
The effect of atropine was examined on twelve units activated either

antidromically or synaptically during electrical stimulation of the ipsi-
lateral dorsolateral funiculus. Atropine was applied microelectrophoretic-
ally as a cation with currents ranging between 20 and 40 nA for 1 min
(ten units) or intravenously (0-2 mg/kg b.w., two units). We found
that atropine reversibly blocked both ACh and acetyl-fi-methylcholine
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depressions in all four tested DSCT cells. In addition, atropine partially
antagonized ACh excitation in four out of eight cells synaptically acti-
vated by ipsilateral dorsolateral funiculus stimulation. In the remaining
four units, atropine was without any effect. Atropine often depressed
neuronal activity which might be due to its local anaesthetic action (Curtis
& Ryall, 1966).

DISCUSSION
Acetylcholine excitation
The literature has long predicted the presence ofACh excitable neurones

within the Clarke's column and adjacent regions of the dorsal horn of the
spinal cord. Thus biochemical and histochemical studies have demon-
strated the presence of ACh, choline acetyltransferase and acetylcholin-
esterase in the spinal cord (MacIntosh, 1941; Feldberg & Vogt, 1948;
Roessmann & Friede, 1967; Kasa et at. 1970; Silver & Wolstencroft 1970,
1971; Odutola, 1972). Although the chemical sensitivity of Clarke's column
neurones was not studied until now at the cellular level, effects of ACh
on dorsal horn interneurones were investigated but the results obtained
are controversial. Some of the earliest studies found ACh to be ineffective
in cat spinal interneurones (Curtis et al. 1961) or causing mainly depres-
sion in a certain proportion of tested units (Engberg & Ryall, 1966). In
addition, facilitatory effect of ACh was noted in spinal interneurones
following both systemic (Feldberg et al. 1953; Fernandez de Molina et al.
1958) and microelectrophoretic application (Weight & Salmoiraghi,
1966).
In this study we have found that both antidromically identified (DSCT

neurones) and synaptically activated neurones from the region of the
Clarke's column of the spinal cord are excited by microelectrophoretic
application of ACh. However, the proportion of ACh excited cells was
greater in units synaptically activated by electrical stimulation of the
ipsilateral dorsolateral funiculus (about 78%) than in antidromically
identified DSCT neurones (about 50%). In addition about 55% of units
either antidromically or synaptically activated by electrical stimulation
of the ipsilateral dorsal column were found to be excited by ACh.

In contrast to a relatively weak excitatory potency on the DSCT
neurones (the maximum increase in firing rate produced by ACh did not
exceed 130% of the control level), ACh proved to be a more potent
excitant of the Clarke's column neurones, which were synaptically acti-
vated in response to electrical stimulation of the ipsilateral dorsolateral
funiculus (in these neurones the increase in the maximum firing frequency
was in the range of 210-430% of the control level). In relation to our
findings of differential sensitivity of Clarke's column neurones the results
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of Silver & Wolstencroft (1971) are of interest to be mentioned. Namely,
these investigators have found that the acetyloholinesterase activity in the
large cells of the cat Clarke's column (presumably the cells of origin of
the dorsal spinocerebellar tract) varied from slight to moderate and the
staining appeared to be on the cell surface. Scattered among these large
cells were a few small neurones with strong staining in the cell bodies and
processes. On the basis of these findings they have suggested that certain
small neurones in Clarke's column might be considered as being cholin-
ergic, while the large neurones (possibly DSCT cells) which stain weakly
or moderately are unlikely candidates for cholinergic neurones.
Our microelectrophoretic studies with ACh are of interest since they

have shown that ACh has a relatively quick and rapidly reversible
excitatory effect on Clarke's column neurones and some particular types
of dorsal horn neurones, which can be obtained also with nicotine. How-
ever, the action of nicotine is frequently delayed in onset and it lasts
much longer, presumably because nicotine is not broken down by cholin-
esterases. This excitatory action of ACh in units activated either
antidromically or synaptically during ipsilateral dorsolateral funiculus
stimulation can be blocked or markedly depressed by nicotine antagonist
dihydro-/3-erythroidine, applied either systemically or microelectro-
phoretically. These findings point to the existence of nicotinic receptors
mediating ACh excitation of spinal units activated either antidromically
or synaptically by ipsilateral dorsolateral funiculus or dorsal column
stimulation. Since the introduction of the microelectrophoretic technique,
ACh has been tested on a large number of cells of many different kinds
throughout the mammalian central nervous system. Many cells have
proved sensitive to ACh (Phillis, 1971, Krnjevic, 1974) but so far the
nicotinic action of ACh has been seen in its clearest form only in the Ren-
shaw cells (Eccles, Fatt & Koketsu, 1954; Curtis & Eccles, 1958), although
some unusually rapid responses have been observed in the lateral genicu-
late of the cat (Phillis, Tebecis & York, 1967) and in the brain stem of the
rat (Bradley & Dray, 1972). In several other areas, the actions of ACh
can be reproduced with nicotine and blocked effectively by DH/JE, e.g.
in the medulla (Salmoiraghi & Steiner, 1963), the lateral geniculate
(Curtis & Davis, 1963) thalamus (Andersen & Curtis, 1964), the cere-
bellum (McCance & Phillis, 1968) and the supraoptic nucleus of the
hypothalamus (Barker, Crayton & Nicoll, 1971; Dreifuss & Kelly, 1972).
Although, the most striking excitatory actions of ACh in the cerebral
cortex are muscarinic (slow in onset and recovery and responses are
readily blocked by atropine) some nicotinic excitations have been observed
in the cingulate gyrus (Krnjevic, 1965) or in the superficial layers (Stone,
1972).
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We have found that some of the cholinoceptive cells activated either

antidromically or synaptically by ipsilateral dorsolateral funiculus stimu-
lation are weakly excited by acetyl-,f-methylcholine. In addition, in four
out ofeight cells synaptically activated by ipsilateral dorsolateral funiculus
stimulation atropine caused a partial reduction of the response to acetyl-
choline (30-50%). Thus these results obtained with acetyl-fi-methyl-
choline (cholinomimetic with muscarinic properties in other systems) and
atropine (selective blocking agent of muscarinic ACh receptors) seem to
suggest that the receptors mediating excitation of the cholinoceptive
spinal cells, activated either antidromically or particularly synaptically
by ipsilateral dorsolateral funiculus stimulation besides nicotinic have
also weak muscarinic properties.
The decline or the loss of the excitatory effect of ACh, either during

an application, or with repeated applications as described in the present
results, is probably due to desensitization. Such desensitization or tachy-
phylaxis has been observed with repeated applications of ACh at the
motor end-plate (Katz & Thesleff, 1957) and in the Renshaw cell system
(Curtis & Ryall, 1966). In contrast, little tachyphylaxis was apparent in
the pyramidal tract cells (Stone, 1972). Marked tachyphylaxis has been
seen with other excitatory substances applied by microelectrophoresis at
sites where they are believed to be transmitters, e.g. monoamines (Phillis
& Tebecis, 1967; Roberts & Straughan, 1967).

Zieglginsberger & Reiter (1974) have studied the mode of operation of
ACh in the spinal neurones of cats combining intracellular recording with
extracellular iontophoresis. Similar to the findings of Krnjevi6, Pumain
& Renaud (1971) in the cerebral cortex of cats, they found that the
majority of spinal neurones (motoneurones, Renshaw cells and neurones
giving rise to ascending tracts) showed depolarization by ACh associated
with no detectable change in membrane conductance or even a slight con-
ductance decrease. Krnjevi6 et al. (1971) suggested that the mechanism
underlying the depolarization of cortical cells involved a decrease of
resting K+ conductance. They deduced from alterations of the declining
phase of the spike that the delayed K+ current of the action potential
is also altered. On the basis of these data Zieglgansberger & Reiter (1974)
have suggested that ACh may play a role as an excitatory modulator of
spinal cord neuronal activity rather than as a transmitter of fast excitatory
phenomena.

Similar intracellular studies of the membrane potential and conductance
changes induced either by ACh or by the synaptic action should be under-
taken in order to find out more about a possible excitatory transmitter or

modulator role of ACh in Clarke's column neurones.
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ACh depression
Besides excitation, application of ACh resulted in depression of 11%

of units antidromically activated by the ipsilateral dorsolateral funiculus
stimulation. In addition, the depressant effect of ACh was frequently
encountered in the cells unresponsive either to the dorsolateral funiculus
or dorsal column stimulation. In confirmation of previous findings (Eng-
berg & Ryall, 1966; Weight & Salmoiraghi, 1966), ACh depression could
also be demonstrated in the units activated either antidromically or
synaptically by the dorsal column stimulation. In contrast none of the
tested units synaptically activated by the ipsilateral dorsolateral funiculus
stimulation were depressed by ACh. The same was true for all tested
spinal neurones receiving convergent peripheral inputs, activated either
antidromically or synaptically by ipsilateral dorsolateral funiculus or
dorsal column stimulation.

Since the actual passage of outward current may depress the firing of
the underlying neurones, it is very important to distinguish accurately
between the effects ofACh itself and the associated current flow.We believe
that the depressant action of ACh on Clarke's column and some dorsal
horn interneurones is not an artifact for the following reasons. (1) The
depressant effect of ACh was seen when equal current applied through
the control barrel containing NaCl had either no effect, or an excitatory
effect. (2) Also the delayed effect of ACh with regard to the onset and the
end of microelectrophoretic current was in sharp contrast with the
immediate effect, if any, of NaCl current alone. (3) ACh depressant effect
was reversibly blocked by atropine in the DSCT neurones.
The finding that ACh depression of all tested DSCT neurones is blocked

by atropine and readily evoked by acetyl-fl-methylcholine indicates that
receptors mediating the depressant effect are predominantly of muscarinic
type. Substantial evidence has now accumulated from microelectro-
phoretic experiments that ACh can depress the firing of certain central
neurones (Krnjevic, 1974).
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