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. Introduction

Functional properties of synapses within the dorsal horn of the spinal
cord, especially in Clarke’s column, seem to differ considerably from those of
motor radicrdar neurons. The almost complete lack of summation required for
transmission, as found in Clarke’s column by Lloyd and Mclintyre [ 3] suggests
that there probably are synapses with dominance of one single afferent path
and perhaps a one-to-one relation of primary and secondary neurons, similar to
that described by Therman [10] in Burdach’s nucleus. Nevertheless, there are
some features of impulse transmission in Clarke’s column, which are not consist-
ent with ihis explanation. As Grundfest and Campbell [2] have shown, after
single shocks delivered to dorsal root neurons, some impulses are recorded in
Flechsig’s tract so late after the early monosynaptic discharges, that they
must very probably be conducted over internuncial chains. Essentially the
same was noticed by Lloyd and Mclintyre as late random discharges in Flechsig’s
tract, but these authors deem it necessary to know more of the fundamental
functional properties of synapses within the dorsal horn, before an exact explana-
tion could be attempted.

Difficulties in explanation are mainly due to lack of anatomical informa-
tion concerning the synapses within Clarke’s column. As the method of secondary
degeneration of «boutons terminaux» has proved itself extremely useful in the
analysis of synapses, especially of the motoneurons (5, 6, 7, 8, 9,), we have
attempted an experimental-morphologic analysis of the synaptology of Clarke’s
column.

Il. Methods

Investigations were performed 1. on normal dogs, 2. after extirpation of spinal ganglia
L*—S3 in different combinations, 3. after minute lesions of different parts of the gray matter,
especially in the dorsal horn at the levels L2 3, 4. after lesions of the superficial dorsal part of the
lateral white column, 5. after heinisaction of the cord at Lj.

Ad 2. Dorsal root transaction was performed in the segments _ e without laminectomy,
by approach from the intervertebral foramen and extirpation of the spinal ganglia. In lower
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segments dorsal root section was performed extradurally. In some cases all dorsal roots below Lt
were cut, thus the lower part of the cord being totally deafferented.

Ad 3. Minute electrolytic lesions, of about 0,5 mm in diameter, were exactly set into the
gray matter at certain sites with the aid of a simple stereotaxic instrument and by a method
specially designed for working on the spinal cord, as described elsewhere by one of us (J. Sz. 9.).

The animals were let to survive generally five days after operation, when axonal degene-
ration was to be studied. In the cases of complete deafferentation of the lower part of the spinal
cord, when the aim was to find out what remains intact after operation, the animals were let to
survive 2—3 weeks to ascertain that all transected fibres underwent complete secondary degene-
ration.

All material was fixed in neutral formaldehyd (1 :4) and frozen sections were stained
according to the method of Keumonl—Lhermitte.* For investigation of Clarke’s column, because
of the complete longitudinal orientation of the fine terminal network between the nerve cells,
transversal sections are inconvenient. We therefore made sections from pieces about 2 cm long
(from the segments Th9—L3) most carefully oriented in the sagittal and frontal plains.

IIl. Results

1. Observations on intact columns

It is impossible to get clear information from transversal sections, as generally
practiced in routine investigation of the cord. Numerous collaterals originating
especially from the posterior white column are entering Clarke’s column and are
forming rich plexuses, the fibre course of which are mainly longitudinal. Better
information on the relations of these terminal plexuses and the nerve cells
may therefore be gained from longitudinal sections. — Highly favourable for
the investigation of the synaptology of this nucleus is the known fact, that the
dendrits of Clarke’s neurons are strictly confined to the boundaries of the column,
and on the other hand no dendrits of neighbouring cells of other nuclei penetrate
into the column. Hence all synapses found in the territory of Clarke’s column
may safely be considered to belong to the neurons of the column itself. On
longitudinal sections (in the sagittal, as well as in the frontal, plane) it
appears, that the synaptic termination of afferent fibers on Clarke neurons
are very difficult to stain. In many preparations only occasionally are found
some «boutons terminaux» of medium size. In well stained preparations,
however, a strange type of synapse appears which as far as we know has not
been described hitherto (Fig- 1//1). Afferents of somewhat larger diameter
than generally seen in terminal fibres, are ramifying in close neighbourhood of
the neurons, then the rami thicken and are closely joining the main dendrits of
the column neurons. One dendrit is closely followed by several (often 3 to 4)
terminal fibres, seemingly originating from the same afferent, for several hund-
red microns (Figs. 1/A. B/l). They are at last terminating on the dendrit — very
often at its origin from the cell — in gigantic endbulbs, often as large as 10 to
15 by 6 to 8 /<, which sometimes are half buried into a notch of the cell surface
(Fig. 1. C/2). Sometimes the terminal parts of the afferents are giving off side

*In Romeis : Mikroskopische Technik. Leibnitz, Minchen 1948. 15th edition. § 796/a.
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Fig. 1. A) Semidiagrammatic drawing of a «giant synapse» in Clarke’s column. B) Photomicro-
graph of large parallel contacts with the main dendrits (I). C) Photomicrograph ol’large endbulbs
(2), lying in depression of the cell surface. — D) 5 days after transection of the dorsal root L=
Main dendrit of Clarke’s column neuron (in the level L2), surrounded by numerous degenerated
fragments. The picture is assembled from five photomicrographs of different optic levels.
b) Same as D., explanatory sketch. — F) Longitudinal section of normal column in L) with lower
power. G) The same. 15 days after complete deafferentation below L2 Almost complete degener-
ation of the intercellular fibre plexus
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branches which are also ending in end feet on the same dendrit. When compared
with the synapses on spinal motoneurons, these «boutons terminaux» are
really gigantic. But another difference is also highly significant. The small
afferent fibres terminating in end-feet, especially on motoneurons, are reaching
the cellsby acourse of nearly at a right angle to the surface, while the terminals
in Clarke’s column are establishing long and very close parallel contacts with
the dendrits of the postsynaptic neurons. Along these parallel contacts there
occur thickenings on which the contact seems to be especially close. It is very
probable that not only the terminal knobs, but also these parallel contacts
may be considered as true synaptic articulation surfaces. Similar, though much
smaller and less characteristic, parallel contact synapses are seen also on inter-
nuncial neurons in the posterion horn and the intermediate zone. These synap-
ses on Clarke neurons may justly be called «giant synapses» when the difference
of the interneuronal articulation surface covered by one synaptic terminal is
taken into consideration, especially when compared with the synapses of motor
radicular neurons. They may be better compared with the well-known basket
type synapses of Held in the anterior ventral cochlear nucleus. — Beside these
«giant synapses» ordinary «boutons terminaux» are found mostly on the cell
somata, which are terminations of thin fibres running in transversal direction.
— A third type of afferent fibres are very thin fibres of longitudinal direction
with characteristic coils lying 20 to 50 p- apart. Their exact relation or termina-
tion on the column neurons was not detected.

2. Extirpation of spinal ganglia

A fter extirpation of single spinal ganglia between the segments L2 and S2
signs of secondary degeneration are encountered in frontal or sagittal sections
of Clarke’s column irrespective of the site of the removed ganglion, beginning
with the caudal end of the column (between L3and L4). Only when the ganglion
L3 or L2had been removed is the degeneration found to start about one segment
upwards from the entrance level of the degenerated dorsal root. Extremely
few descending afferents to Clarke’s column have been found. In cranial direc-
tion degeneration was traced clearly to the level Th9, irrespective of the severed
segment. The number of degenerated fibres decreases sharply in the lower
thoracic segments, but very probably some fibres could be detected also at
higher levels, though this was not investigated. — Some of the «giant synapses»
are clealy degenerated. The fragments of degenerated terminals are strangely
distributed. Some of the main dendrits are completely enclosed by degenerated
fragments (Figs. 1/D, E), while synapses on other dendrits are completely free
of degenerated afferents.

After extirpation of two or three neighbouring spinal ganglia signs of
degeneration are more apparent, but essentially the same as after removal of a
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single ganglion. The site of dorsal root afferents during their ascendent course
and their synapses shows a certain regularity. Afferents originating from lower
segments are always situated medially from those originating from more cranial
levels and afferents belonging to the sacral segments are establishing contact
with medial Clarke neurons, those from upper lumbar segments with those
situhted in the lateral part of the column. — Afferents originating from the
same segment are entering Clarke’s column —, as clearly visible on sagittal
sections, on which degenerated entering collateral groups can easily be followed —,
beginning with the level of the caudal end of Clarke’s column until the lower
thoracic segments.

After complete deaffereritation of the lower cord by unilateral extirpation
of the spinal ganglia Lt—L7 and transection of the lower dorsal roots (Sr 3
and Cocc.), at first sight all afferents seem to be degenerated within 15—20 days
(Fig. 1/G). More close examination reveals, however, that two types of afferents
are left intact and may therefore be considered to originate somewhere in
the cord. The smaller type of «boutons terminaux», which are the endings of
finer transversal fibres and do not have preterminal parallel contacts with
the dendrits, are preserved in fair numbers. The very thin coiled fibres
hardly noticeable in normal preparations, since the coarser dorsal root afferents
are completely dominating the picture, are completely unchanged. As a matter
of fact, at first we did not notice them in normal preparations. Our attention
was called to these «coiled fibres» only in the preparations of deafferented
cords. — No signs of degeneration were ever found after deafferentation in
the Clarke’s column of the contralateral side. Thus we may conclude safely,
that no crossed dorsal root afferents reach the Clarke neurons.

3. Small lesions within the dorsal horn

Abundant signs of degeneration are present above the level of the lesion,
whenever Clarke’s column itself is affected. Descending degeneration does not
proceed further than the next segment and affects only small fibres, the exact
termination of which could not be detected. In ascending direction the degenera-
tion extends to about 2 cm, the synaptic contacts of degenerating fibres with
the neurons are similar, though finer, than after extirpation of spinal ganglia.
From this we may infer that some dorsal root afferents, after entering Clarke’s

column, — or rather some of their branches — do not terminate at the level of
their entrance into the column, but are ascending for a certain distance, which
does not exceed 2 cm, and terminate on Clarke neurons. — In cases when Clarke’s

columm was not involved into the lesion, i. e. when the lateral and dorsal part
of the dorsal horn are severed, there are also signs of secondary degeneration,
which can be followed for about 2 segments in cranial and for 1 segment in
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caudal direction. The degeneration in these cases spares the coarser dorsal
root afferents, but affects some of the «coiled fibres». Unfortunately it was not
possible to determine the exact termination of these. From these results we
conclude that the so-called «coiled fibres» are originating from internuncial
neurons of the posterior horn.

4. Lesions of the lateral funiculus

When the superficial laye of the dorsal part of the lateral white column
is transected or, better, if parts 2 mm long and % mm deep are excised, signs
of secondary degeneration are found in the ipsilateral column of Clarke. They
are beginning at the level of the lesion and are extending about % to 1 cm
upwards. The longitudinal fibres of the column are intact in these cases, but
small fibres of a transversal course and their terminal knobs on Clarke neuron
somata are occasionally degenerated. The solitary «boutons terminaux», mention-
ed already several times, must therefore be considered as recurrent collaterals
of dorsal spino-cerebellar fibres. They are following the rule of Cajal, according
to which initial collaterals are generally returning to, and terminating on, the
same sort of cells from which their fibres come forth.

IV. Discussion

On the basis of these results we may try to sketch the synaptic connections
of Clarke’s column, as seen on our diagram (Fig. 2). The diagram represents a
frontal section of the right side of the lower cord. The dorsal root fibres ascending
in the posterior white column are entering Clarke’s column, starting from the level
of its caudal end, and are establishing «giant synapses», which are partly long
and coarse parallel contacts and/or terminate with very large end knobs. Some
of the branches of dorsal root afferents ascend further 1—2 segments and are
establishing smaller synapses with upper Clarke neurons. Dorsal root afferents
arising from the same segment are entering Clarke’s column not only at its
caudal end, but in every segment below the lower thoracic segments. W hether
or not the dorsal root afferents entering the column from the dorsal funiculus
at different levels may he branches of the same afferent as indicated in the
diagram, or are strictly the terminal parts of differents within the same root,
cannot be decided by degeneration experiments. The finding, however, of speed
drops of muscular afferent volleys (Lloyd and Mclntyre) ascending in the posterioi
white column, especially between L4 and L3, indicates that dorsal root afferents
are branching before one of the branches is entering Clarke’s column. The other
branch, which ascends further in the posterior white column, very probably
branches again at the level of Lj, where again a speed drop is experienced.
A third speed drop is found in the lower thoracic segments, w'hich probably



Fig. 2. Stereodiagram of the cord at the level of L, 4. Collaterals from dorsal root afferents

(originating from the segments S2—L3) arc entering Clarke’s column from its caudal end (L1 ,)

until lower thoracic segments. They are establishing «giant synapses» (1) with column neurons.

Clarke neuron neurits (2) which ascend in the dorsal spino-cerebellar tract are giving recurrent

collaterals (3) to the somata of upper Clarke neurons. Dorsal root collaterals are also terminating

on dorsal horn internuncials (4), which, forming ascendent chains, are terminating in Clarke’s
column as «coiled» fibres (5"
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indicates a third branching of the fibres. Anatomic and functional findings
are thus in fair accordance.

From the results of our experiments it emerges clearly that though being the main afferent
source, dorsal root afferents are not the only presynaptic system of Clarke’s column. As indicated
in the diagram (Fig. 2/5) the so-called coiled fibres, which remain intact after complete deafferen-
tation, must originate from dorsal horn internuncial neurons. Since dorsal horn internuncials are
always in rich synaptic connections with dorsal root fibres, and very probably are forming long
ascendent intragriseal (or mainly intragriseal) neuron chains (9.), we may infer that afferent
impulses originating in primary sensory neurons are reaching Clarke’s column not only directly
but also relayed by internuncial chains. — Another afferent source for the column are very
probably recurrent collaterals from Flechsig’s tract. They are terminating on the cell somata as
isolated «boutons terminaux». No evidence was, however, found of their terminating in the close
neighbourhood of the axon hillock.

It is germane to inquire how far our findings concerning the synaptology
of Clarke’s column are in accord with recent results on the transmission of
impulses, (i) The inference of Lloyd and Mclintyre on the relay established by
lower extremity dorsal root afferents (independent from their segmental origin)
with Clarke’s column neurons from its caudal end, on the lower edge of L3, to
lower thoracic segments, is substantiated. The assumption of branching of
primary afferents before one of the branches is entering Clarke’s column, is
also in fair accordance with anatomic findings, (ii) Anatomical investigation
reveals the causes of the striking difference between the modes of synaptic
transmission from the same large muscle afferents to motoneurons and those
of Clarke’s coumn. As clearly pointed out by Lloyd and Mclintyre, in Clarke’s
column practically no summation is required for transmission, whereas consid-
erable summation is necessary in the motor nuclei. The differences between
synapses of motoneurons and Clarke’s column neurons are very characteristic.
In motoneurons several hundreds of end feet are terminating, from which
only a few come from the same source and these are also scattered on the surface
of the neuron. No two «boutons terminaux» originating from the same system
are found to lie in close neighbourhood of another. This was described by one
of us on the basis of degeneration studies (,J Sz. 5., see espcially Figs. 3. & 4)
in the same year when Lorente de N6 (4) came to the conclusion that synaptic
transmission in motor nuclei requires spatial summation from different channels
converging to a local area of the surface of the neuron. — The synapses of dorsal
root primary afferents in Clarke’s column are strikingly different. They are
establishing enormous (both long and coarse) parallel contacts especially with
the main dendrits, terminating with extraordinary large end bidbs, sometimes
deeply buried into a depression of the dendrit surface. Another important
difference is the fact emerging from direct observation but especially from
degeneration experiments, that the several parallel contacts around the same
dendrit belong very probably to the same primary afferent, or at least to afferents
originating from the same ganglion. — The main difference between the two
types of synapses is as follows, (a) The synaptic articulation surface between
a single presynaptic afferent and postsynaptic cell surface is several times larger

4 Acta Morphologica V/I—2
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in Clarkes column than on motor neurons, (b) A large circumscript area of the
postsynaptic cell surface (a largepart ofone, or more, main dendrits) is on Clarke neu-
rons in synaptic articulation with the same presynaptic neuron, a fact never seen
in motor neuron synapses. Thus the inference of Lloyd and Mclntyre on «an
extremely powerful synaptic articulation of primary afferents in Clarke’s column»
is in complete accordance with our anatomical findings. On the other hand,
these findings are offering strong anatomic support for the correctness of modern
concepts on synaptic transmission mechanisms (especially spatial summation)
elaborated on a physiological basis, and make it possible to draw further con-
clusions based on anatomic data in cases when physiological analysis gives
nsufficient information.

(iii) The assumption that there may be a one-to-one synaptic relation
between primary muscle afferents and Clarke neurons would, however, be
incorrect. We can often see that after extirpation of a single spinal ganglion
one or even more dendrits of the same Clarke neurons are completely buried
into degenerated fragments, but other dendrits and another part of the cell
surface is covered by normal dorsal root afferent synapses. This shows clearly
that there is a certain convergence of primary afferents belonging even to diffe-
rent segments also in Clarke’s column. But apparently no summation of impulses
carried by these converging presynaptic elements is required for transmission.

(iv) Since Clarke neurons are also connected with dorsal horn internuncials,
internuncial activity must also have some access to spino-cerebellar neurons,
as inferred by Grundfest and Campbell. As, unfortunately, the exact nature of
the contact between our «coiled fibres» and Clarke neurons could not be clarified,
and also virtually nothing is known on transmission in the so called «nest-and
plexus-like synapses», to which these synapses probably belong, nothing can be
inferred from these anatomic findings at present.

(v) The recurrent collaterals, originating very probably from initial
parts of spino-cerebellar fibres, are terminating as ordinary end-bulbs on the
cell somata. Thus, though these synapses are not in close neighbourhood of
the axon hillock, they are axosomatic and are lying «downstreem», in comparison
to the mainly axodendritic primary afferent synapses. Since these latter are
clearly of excitatory nature, the anatomic situation of the recurrent collateral
synapses meets requirements of the hypothesis of Retzlaff and Gesell (1). The
correctness of this hypothesis could perhaps be tested on Clarke’s column.

Summary

The synaptology of Clarke’s column was studied on dogs by means of the Reumont—
Lhermitte silver technique on longitudinal sections of the spinal cord. Afferent pathways of
Clarke’s column, especially dorsal roots, were transected in order to determine the exact site
of their termination on Clarke neurons by tracing the subsequent secondary degeneration of the
collaterals and their synaptic endings.

The dorsal root afferents (originating from L2—S3) are terminating, independently from
their segmental origin in the lower part of the column (Th9—L3_4), with a hitherto unknown
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type of synapse. Characteristic features of these «giant synapses» are long parallel contacts
between the preterminal parts of the afferent fibre and Clarke neuron dendrits, and the final
termination of the afferents in large «boutons terminaux» half buried into depressions of the cell
surface. The synaptic articulation surface between dorsal root afferents and Clarke neurons is
considerably larger than in any other type of spinal cord synapse. This may account for the
almost complete lack of summation in synaptic transmission, as found by Lloyd and Mclintyre in
the column. No one-to-one relation between pre- and postsynaptic neurons was, however, found.

Some other details concerning connections between different nerve elements in Clarke’s
column are presented and their physiological significance is discussed. The results of this experi-
mental- morphologic analysis are in fair accordance with a number of facts recently discovered by
physiological investigation.
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CUHAMTOMOMMA KNAPKOBOW KOJMIOHHbI
A. CEHTATOTAN n A. ANNIbBEPT

ABTOpPbI M3yYasin CUHaNTOMOMI0 KNapKoBOM KOMOHHbI Haj MNPOAO/bHLIMU paspe3amu
carMTaslbHOro U (PPOHTA/ILHOr0 Harnpa./ieHW CMMHHOIO Mo3ra cobak NpY MOMOLLM MeTofa
cepebpeHnst MOPsmoHTa U/lepmnT Ta, C LENbio ONpeaeneHNss MecTa CMHArNcoB, aBTOpPbI Mepe-
ceyeHVeM pasHbIX addepeHTHbIX Myfeid, Begywmx K JopcasibHOMY $i4pYy CMMHHOIO Mo3ra u
Hab/loeHNEM MepepoXAeHNs, NPUHaIeXallux K nepeceyeHHbIM CUCTEMaM CUHArcoB, Omnpe-
[EeNnnn TOYHOE MECTO M Croco6 OKOHYaHMS pasHbIX ahepeHTHbIX CUCTEM.

OcHoBHyH0 cucTeMy KnapkoBoli KOMOHHbI 06pa3ytoT 3afiHMe KOPELLKOBble BOSIOKOHLA,
CHabXaroLLe 3aaHNe KOHEYHOCTU. 3TV BOIOKOHLA, MoC/e UX BXOf4a B CMIMHHOW MO3r, BOCXOAST
crnepBa B 3afjHEM My4yKe, a 3aTeM, HauMHas C HWKHeli rpaHuubl ctonba (L 3 4) BNIOThL A0
HWKHUWX CEeYEHUIA TpYyAHON KNETKU, HeMpepbIBHO BXOASAT B KnapKoBy KOMOHHY. 3afHue KopeLl-
KOBble BO/IOKOHLA OKaHUYMBAKOTCS, HE3aBUCUMO OT MX MPOUCXOXAEHUS M3 pasHbIX CEYEHWH,
B HWXKHeW 4acTu Bcelt KNapkKoBOW KOJIOHHbI, C TOM NULLb PasHUUER, YTo npoucxofsalime m3
6onee KayfasbHbIX CeYeHWl BOMOKHA BCTYNalOT B KOHTAKT C 60/siee MeAMasibHbIMU KneTKamu,
a npoucxofsiune 13 6onee KpaHWasibHbIX CeYeHWA ¢ Gosee naTepuanbHbIMU  KNeTKaMu.

3a/lHMe KOpEeLUKOBble BOJIOKOHLA OKaHUMBalOTCA B K/eTKax KnapkoBoi KOMOHHbI B
»IUFAHTCKMX CUHancax», OTKJ/IOHAIOLWMXCA OT BCeX WM3BECTHbLIX [0 CUX MOP CMMHOMO3IOBbIX
CUHANMCOB; XapaKTepHbIM [N 3TUX »TUFAHTCKMX CMHAMCOB« SBAAIOTCA MX A/IMHHBIA napan-
NeNbHbIA KOHTAaKT C feHApUTaMu HelipoHoB Knapka u ux 60nbluve, NPOHUKAIOLWME B MOBEPX-
HOCTb KJIETKYW, KOHLEBblE YTOMLLEHWSA. 3TOT CBOe06pasHblli CMHANC ¢ 60MbLLOA MOBEPXHOCTbLIO
06BSACHSIET M3BECTHYIO M3 HOBeWLLEA Helipodn3nN0/IOrMUYeCKOn NnTepaTypbl nepejavy BO36YyX-
[eHnn 6e3 cymmaumii crHancoB KnapKoBOlM KOJOHHbI.

ABTOpbI BbISIBUIM Ha OCHOBAaHUW CBOWUX WCC/EA0BAHWUA MHOTOUMC/EHHbIE ApYrue aHaTo-
MMUYECKME MOAPOGHOCTM U YKasbiBAOT Ha MpeanoniaraeMoe (U3MONOrMYeCcKoe 3HaudeHue no-
cnefHUX.

Janos Szentagothai, Pécs, Dischka Gy6z6 utca 5. Hungary
Aron Albert, Pécs, Dischka Gy6z6 utca 5. Hungary
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