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INTRODUCTION
Literature Review

The early major pﬁblished anatomical work on the spinal cord was done
in théhsecond half of the nineteenth century. Clarke, Golgi, Cajal and
others (éited by Réxe&, 1954) used various techniques in their investiga-
_tions of spinal cord neuronal morphology. The principal methods used were
the Golgi method introduced by Camillo Golgi in 1873 (cited~by Ramon-—
Moliner, 1970) and methylene blue staining introduced by Ehrlich in 1886
(cited by Bracegirdle, 1978). Although both methods have been used for
selective and COmpleté staining of single neurons, the results obtained by
using these methods were inconsistent and they required considerable ex-
‘perience to perform. A thir@,major experiméntal tecﬁniqqe, the degenera-
tion method of Nauta (Nauta and .Gygax, 195]7), was also introduced at a
later date. It was used to provide informagion about axonmal trajectories.
In 1952, Rexed proposed a cytoarchitectonlcal classification of the spinal.
cord grey matter into ten laminae. Since that time, much work has been
done on the spinal cord. Such morphological aspects as neuronal size and
population density of lumbosacral spinal cord neurons in the cat (Aitken
and Bridger, 1961), neuronal volume and surface area (Schadé, 1964), and
dendritic patternslof spinal neurons (Ramon-Moliner, 1962; Matsushita,
1970) havg beeﬁ invesfigated. Various techniques have been used to study
the morphology of the spinal cord reticular formation (Leontovich and

Zhukova, 1963), brachial cord (Sterling and Kuypers, 1968), Clarke's

column (Szentagothai and Albert, 1954; Réthelyi, 1968; Loewy, 1970), motor




neurons (Nyberg—Hénsen, 1965; Prestige, 1966; Scheibel and'Scheibel,
1966), interneur;ns and Renshaw cells (Scheibel and Scheibel, 1966) and
ventral ﬁorn neurons (Testa, 1964).

‘The disadvantage of the techniques used in these early spinal cord

!

studies was that anatomists could not determine the physiological proper-
ties of neurons that they observed. Similarly, physiologists.had no
direct method for determining the morphology of neurons that they analyzed
with electroéhysiological techniques. A partial sclution to this problem
was found whgn Kerkut and Walker (1?625 used a microelectrode to deposit
potassium ferocyanide intracellularly in siﬁgle néurons while making elec-
tr¥ophysiological recordings. Thus, the neuron recorded f?om could be
identified following the use of specific histochemical procedures. Subse-
quent;y;_several dyes including aniline blue, orange G, fast green, and
niaga;a ﬁlue were uéed for intracellular staining (Kater and Nicholson,.
1973). rThe main problem with all of these dyes ﬁas that they stayed where
they were injected and did not migrate sufficiently along the neuronal
processes; the result was thaf the complete cell was not well-stained.

To rggolve this problem, Stretton and Kravitz (1973) introduced the
use of procion dyes for direct visualization of physiologically identified
neurons. Following their introductioh, procion dyes, espeéially procion
yellow, were used with satisfactory results by a number of investigators
(Bryan et al., 1972; Brown et al., 1974, 1975). .However the use of
procion dyes did have some limitations: (1) Séretton and Kravitz (1973)
reported. that procion did not always pasé out of the micropipette during

icntophoresis; (2) procion did not stain axons and axon collaterals well




(Jankowska, 1975; Brown et al., 1977a); (3) Light and Durkovic (1976)
reported that procion -was cytotoﬁic;l(h) procion yellow was not electron
dense; therefore, it was not readily used for electron microscopy
(Jankowska et al., 1976).

Injection of radioclabelled aﬁino acids intracellularly, introduced by
Globus et al. (1968), also provided a method for morphological determina-
tion of electrophysiologically characterized neurons. The main'drawback
of this technique.was that the autoradiographic procedure was technically
complex and it required 5-6 weeks to obtain results (Cowan end Cuenod,
1975; Kater and Nicholson, 1973; Lynch et al., 1974b).

The advent of intracellular neuronal staining with horseradish
peroxidase (HRP) has iritroduced. a new metﬁodpwhich allows the determina-
tion of the morphological characteristics of electrophysiologically
:Ldentified neurons. Horseradish Qeroxidase, an enzyme (mol. wt. 40_, 000},
was initially used “in the study of kidney function (Straus, 1957). The
histochémical technlque of localizing HRP deposits by processing tissue '

_with 3,3" diaminobenzidine was. introduced by Graham and Karnovsky (1966)
" in their studies of kidney physiology. HRP was first used to study the
peripheral nervous sysfem by Kristensson and dlson (1971) and was e?plied
to the study of the central nervous system by LaVail and LaVail (1972)
shortly phereafter. - Both of these early studies involved depositiné HRP
outside of a neuron Or. neurons and observing the HRP after it had Been
taken up by the axon terminals and transported preferentially in the
retrograde direction toward the neuronal cell bodies. The neuroh’:[.st,o-."

. chemical basis for localization of HRP is that following a suitable sur-



vival period, the tissues at the desired locations are cut and sections of
tissue are incubated in appropriate media in order to produce a colored
reaction-product at sites containing HRP activity. The incubation medium
contains hydrogen peroxide (H,05) and a chromogen (Chr), which assumes a
degsely colored form only in the oxidized state. At sites containing HRP
activity, the geﬁéral'reaction (Chr)H, + (HRP+H,05) + (Chr) + HRP + 2H,0
takes place and the color of the oxidized chromogen becomes visible
(MeSuLam, 1976). Until recently, DAB has been used almost exclusively as
the chromogen in centfal nervous system research. In the past few years,
tetramethyl benzidine (Mesulam, 1978) and a mixture of p-phenylenediamine
and pyrocatechol (Hanker-Yates reagent; Hanker et al., 1977) have also
been introduced as chromogens.

While in early studies HRP was injected extracellularly by positive
pressure, it was later applied by microelectrophoresis (Graybiel and
Devor, 1974). Several excellent reviews exist which cover in detail the
advantages and limitations of the retrograde transport method using HRP
(Cowan: and Cuenod, 1975; Adams, 1977; Winer, 1977). '

The fact that HRP in membrane bound organelles appears to move in the
anterograde és well as retrograde directions was realized in early studies
(Hansson, 1973). Lynch et al. (1973) utilized this fact to study the
dentate mossy fiber system by injecting HRP extracellularly near the cell
éoma and identifying HRP that was picked up at the soma and transported
somatofugally. Lynch also used extracellular recording electrodes to
characterize neurons before labeling them with HRP (Lynch et al., 1974a,

b). Brown and his co-workers (Snow et al.,, 1975) were the first to intro-



_duce intracellular injection of HRP through a recording glass microelec-
trode in their study of spinal neurons. This work was quickly followed by
other intracellular studies. Thus, HRP was used to study motoneurons

' (Cullheim and Kellerth, 1976), interneurons (Czarkowska et al., 1976),
spinocervical tract cells (Jankowska et al., 1976; Brown et al., 1977a),
cortical neurons (Kitai et al., 1976), cerebellar neurons (McCrea et al.,
1976), and Hair follicle afferents (Brown et al., 1977b). Recently, HRP
in conjunction with electrophysiological recording has been used to in-
vestigate dorsal hornh neuroas (Light et al., 1979), motoneurons (Cullheim
and Kellerth, 1978; Cullheim and Ulfhake, 1979), cultured mouse spinal
cord neurons (Neale et al., 1978), spinal axon collaterals (Futami et al.,
1979), and-spinocervical tract neurons (Brown et al., 1980). These stud—
ies have confirmed the usefilness of HRP over other techniques:

(1) HRP stains axons, axon collaterals and dendrites better than

. procion yellow (Brown et al., 1977b);

(2) Axons stained with HRP can be traced farther than procion gtained
axons. Whereas maximum length of axons stained with procion
yellow is 2-3 mm (Jankowska and Lindstrom, 1972), intracellularly
injected HRP. has been traced over 25 mm (Browm et al., 1977a); .

(3) The HRP;processing technique is relatively easy to perform;

(4) HRP is sufficiently electron dense and therefore can be used‘for
electron microscopy without additional modificati;ns;

. {(5) The enzyme filled micropipettes have acceptable recording

properties;



(6) The enzyme appears to be transported somatofugally in the axon,
and since the injected neuron is the only stained element in the
tiséue, the course of the axon can be followed in serial sectioms
to its termination (McCrea et al., 1976).

Most investigators agree that the general picture presented by a HRP
‘stained neuran 1s quite similar to the best examples of Golgi stailned
material with the advantage of singling out just one neuron (Light et al.,
1979). Cnly HRP has been used to trace the axon of a single neufon to its
;erminatidn (Bishop, 1977;.

During our initial work with HRP, we also attempted to demonstrate
retrograde transport of HRP from the cerebellum to the cells of Clarke's
nuclegs.‘ The dorsal spinocerebellar tract (DSCT) is probably the most
‘thoroughly studied tract among the spinocerebellar pathways (Mann, 1973).
Most of the cells of origin oflthis tract are found in Rexed's lamina VII
as the nucleus dorsalis or the dorsal nucleus of Clarke. It has genérally
been accepted that Clarke's nucleus extends from the first thoracic to the
third or fourth lumbar spinal cord segment. Afferents from Clarke's

nucleus travel via the DSCT to terminate 1psilaterally as climbing fibers

primarily in the anterior lobe of the cerebellum in lobules I to'V (Grant,

1962). Three cell fypes, classes A, B and C, have been identified in
Clarke'!s column on the basis of theilr size (Loewy, 1970). HRP étudieg
have shown that types B and C send their projections to the cerebellum

(Petras and Cummings, 1977), while type A probably represents a local

circuit neuron.



‘Objectives

The purpose of this work was to develop the technique for intra-
cellular injection of neurons in the spinal cord of the cat with the
enzyme horseradish perioxidase (HRP). The project was conceived as the
preliminary work which would provide the basis for later study of the
morphology of individual spinal neurons foliowing their electrophysiologi-
.cal chafacterization} The more specific aims of this investigation were
to determine: (1) the amount of current necessary to iontophoretically
deliver enough HRP into a cell so that it would be adequately labeled; (2)
the relationship between the survival time of the cat following the intra-
cellular injection of HRP and the degree of labeling of a cell; (3) the
lengths of axons and dendrites stained in relation to the amount of HRP
delivered. Iq ad&ition, a number of qualitative problems needed solving:
(1) developing good perfusion methods, (2) learning the specific histo-
chemical techniques for processing the spinal cord, (3) developing’
electrophysiological techniques for intracellular recording from a single
neuron, (4) finding the optimum characteristics of microelectrodes to be

used,



MATERIALS AND METHODS
General Procedure

Thirty-eight adult cats weighing 2-4 kg were used. Each cat was de-
prived of food but a}lowed water for 12 hours prior to the experiment.

The cat was anesthetized with sodium pentobarbitone (Nembutal, Abbott)
given intraperitoneally'(40 mg/kg). To maintain a stable level of anes-
thesia, additional quantities of Nembutal ( 3-6 mg/hr) were administered
throdugh a cannula in the left cephalic vein.

Following induction of anesthesia, hair was removed from the cat's
neck, chest, forearm and back. An intravenous cannula was then inserted
into the left cephalig vein. A glass "Y" cannula was inserted into the
trachea and tied to it just below the larynx for the administration of
artificial respiration. Arterial pressure was measured from a catheter
introduced into the-left common carotid artery by a strain-gauge trans-
ducer connected to a blqod pressure monitor ( Statham model SP1400). Mean
arterial pressure was usually about 100 mm Hg. In a few experiments, an
i.v. drip ( 5% dextrose in 0.457 saline) was administered to prevent a fall
in blood ﬁressure. The cat's head was fixed in a special holder and its
pelvis was immobiliZe@ by two pins of the stereotaxic frame ( David Kopf
Instruments medel 1750). The base of thg stefeotaxic frame, a smal; plate
heater, a faii forced auxiliary heater and an infrared lamp were alligsed
to maintain the cat's temperature at 37+2°C. A thermistor probe monitored
rectal body temperature continuously and controlled the temperature of the

small plate heater and the stereotaxic frame by a negative feedback cir-



cuit., Prior to thé onset of intracellular recording, the cat was con-
nected to a respirator (Harvard Apparatus) and ventilated ten breéths per
minute with a tidal volume of 60 ml for an average (2.5 kg) cat. All
animals were immobilized with gallamine triethiodide (Flaxedil, 4nmg/kg/hr
i.v}). Tidal volume énd respiratory rate were adjusted to providé-the
end-tidal CO2 concentration of 3.5—42 (monitored with an infrared de-
tector: - Beckman Medical Gas Analyzer model LBl);

In three cats initially anesthetized by sodium pentobarbitone, the
brain was anemically destroyed by bilateral occlusion of the common
carotid and vertebral arteries. The spinal cord was then transected at
the first cervical level and no further anesthesia was administered.

A lumbar laminectomy was performed exposing the spinal cord from the
last thbracic to the fourth lumbar vertebrae. The vertebral column was
rigidly fixed with two vertebral clamps (David Kopf Inst¥uments); a pool
was formed from skin flaps; and the spinal cord was coyered‘with warm
mineral oil (37°C). The dura mater was cut via a midline incision and
_retracted. Movements of the spinal cord associated with respiration were
minimized by performing a bilateral pneumothorax and by covering the ex—
posed cord with 37 agar (Difco) dissolved in laectated Ringers solution
(Hartman's solution, Abbott) after the warm mineral oil was removed. A
small patch of pia mater was removed on the dorsal surface of the spinal

cord prior to the insertion of an electrode.
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Microelectrodes

Microelectrodes were drawn from 1 mm o.d. microfilament filled
capillary glass tubing (A-M Systems Inc. model GCF-100-4) on a vertical
microelectrode puller (David Kopf Instruments model 700C)., While the
~electrode tips were observed directly under a microscope, they were

- broken to o%erall outside diameters of 1.4-2.8 um. Electrodes were stored
in a microelectrode jar above the level of a solution containing Tris
buffer (pH 8.6). Several hours before use, HRP (Boehringer-Mannheim) was
dissolved in a 0.05M Tris buffer solution (pH 8.6) containing O.SM:K01.
The KCl was used to lower the impedance of the electrodes. The solution
was buffered to pH 8.6 because the transported HRP isozymes are positively
charged at this pH (Bunt et al., 1976)., A basic pH was maintained because
HRP is not stable in acid solutioms (Straus, 1962). The concentration of
'HRP used in our experiments ranged from 10-25%. Electrodes were back-
-fillgd with this HRP solution using a 100 ul microsyringe (Hamilton) and a
32 gauge dental needle. Electrodes were selected for use on the basis of
their impedapces, which ranged from 6-45 M} (measured on an electrodé

impedance meter at 5 hez).
Electrophysiological Recording and HRP Iontophoresis

Figure 1 shows schematically the experimental setup used. In the
search for cells to label, an electrode was lowered manually with a micro-
manipulator (David Kopf instruments model 1761) until it penetrated the
surface of the spinal cord. A dual beam oscilloscope (Tektronix RM 565),

a millivoltmeter (Keithley Instruments model 610C) and an audio monitor
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(Grass Instruments, AMB) all received amplified signals from the micro-
electrode (amplifier: WPI model 701). Voltage measurements of the rest-
ing membrane potentials of spinal neurons were made with the microelec-
trode in referenﬁe to a silver silver—chloride reference electrode (WPI
model EP2) which was attached to the exposed epaxial musculature.. This
electrode served as a ground. Once the spinal cord was penetrated, the
electrode was lowered manually 200 pym into the cord and the resistance was
measured. This measurement was made by passing a current of one nano-
ampere through the miéroelectrode to ground. One millivolt baseline shift
with respect to groﬁnd seen on the oscilloscope screen corresponded to one
megohm of electrode resistance. Resistance of electrodes measured in our
experiments ranged from 6-60 M{i. The intensity of current delivered
through the microelectrode during HRP electrophoresis was adjusted to a
maximum value of 15-20 nA by adjusting the voltage of the function gen-
erator (Grass Instruments S88 stimulator) while observing the output of
Fhe current monitor on the oscilloscope. The electrode was lowered
gradually in-steps of 2-5 um into the spinal grey matter by a remotely
controlled miniature hydraulic microdrive (David Kopf Instruments model
607). Spontaneously firing cells could be detected by recordings of their
extracellular action potentials. These action potentials grew larger as
cells were approached by the microelectrode. Intracellular penetration
was determined by a sudden dc potential shift indicating a negative ‘trans-
membrane potential. Successfully labelled cells had initial resting po-
tentials of 20-60 mV. Once penetration occurred, the resting potential

was observed for about 10 seconds, and if it remained stable, HRP was
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ejected from the microelectrode either by using constant pesitive current
(15-20 nA) or 500 msec pulses of 15-20 nA depolarizing currént at a fre-
quency of oné pulse/sec. The amdunt of HRP delivered was calculated by
multiplying the driving current By the time of delivery in minutes to give
nanoamnp-minutes. This was then convgrted to microcoulombs (UC) by multi-
plying by 0.06. TFor the purpose of this calculation, we assumed that the
driving current was constant during the HRP iontophoresis. A minimum
amount of 3.4 yC (18 nA for 4 min) was used for all successfully labeled
cells, In most cases, current pulses were used and membrane resting po-
tential was monitored in the intervals between pulses. If continuous
current was used, the electrophoresis was repeatedly interrupted (about
once/min for. 5 sec) to monitor the resting membrane potential of a cell.
-Resting potentials us;ally became less negative during HRP administration.
Cell depth within the spinal cord was determined from the digital monitor
_of the microdrive unit. Once a cell was labeled, the electrode was wi£h—
drawn and the approximate site of HRP injection was marked by inserting a
pin in the agar near the injection site. A new site 1-5 mm away was
chosen for the next penetration. A map of injection sites with approxi-
mate distances between labeled cells was kept for each experiment. All
injections were made in spinal segments Ll—L3. In order to facilitate
location, tracing, and reconstruction of HRP‘stained neurcns, the number
of injected cells was limited to 4-6 in each experiment. Animals were

allowed to survive 10 min to 6 hr after HRP iontophoresis.
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Perfusion and Processing

Prior to thé onset of perfuﬁion, most animals were given 10,000;upits
of ﬁeparin (usP) i.v. The cats‘were sacrificed by perfﬁsion_through the
left ventricle or the @escending aorta (the latLer proved more satis-
factory). The animals were perfused first With SQO ml of 0.9%7 sodium
chloride and then with one liter of a mixture of 2.5% paraformaldéhyde and
1% glutaraldehyde in 0.1M phosphate buffer at a pH of 7.4 (Graham and
Karnovsky, 1966). Both solutions were kept at room temperature. At the
start of the saline perfusion, an outlet for flow was made By incising the’
right atrium. Perfusion pressure was slightly greater-thén 75 mm Hg (de-
termiﬁéd by the height of the perfusion solution containers above the
preparation). Following perfusion, the spinal cord (segments Ll_LA) was
removed and placed in a post-fix solutlon (15/ sucrose in a soludtion of
equal parts flxatlve and 0.1M phosphate buffer, pH 7 4) overnight at 4° C
The;fol}owing day, the tissue was placed in a Tris buffer solution (pH
‘ 776):contéining 30% sucrose and stored at 4°C for at least 24 hr. Serial
horizontal or transverse sections (75-100 um thick) wére cut on a freezing
microtome (Reichert) and collected in a cold (10°C) solution of 5%
éucrose in Tris buffer (pH 7.6). The sections were processed for
peroxidase for 30 minutes at 37°C in a solution of 0.05% 3,3' diamino=
benzidine tEfrahydrochloride {DAB, Baker) containing 5% sucrose ianris
buffer (pH 7.6). After this incubation period,-0.05% Hy0, was added (12
ml of 0.06% Hp0, per 300 ml DAB solution) and the sections were shaken
intermitteptly for 30 min at ;oom-temperature. The sectiopé_were washed‘

in two changes of Tris buffer (pH'7.6), rinsed with distilled water and
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then mounted conventionally on chrome alum gelatin slides (Pappas, 1971).
After allowing the sections to air dry, they were processed through the

following solutions in sequence:

0.1% toluidine blue (counterstain) 30 sec
50% EtOH 2 min
70% EtOQH 2 min
80% EtOH ‘2 min
95% EtOH 2 min
Abs EtOH 2 min
Abs EtOH 2 min
Xylene 5 min
Xylene 5 min

Slides were coverslipped using Permount mounting medium (Fischer)f

In one experiment, sections were processed with 0,157 Hanker-Yates
reagent (p-phenylenediamine and pyrocatechol mixed in a ratio pf 1:2) in
0.05M Tris buffer (pH 7.6) plus 1 ml of 1% H202 instead of incubating in
DAB and then adding H,0, (Hanker et al., 1977). The sections were incu-
bated for 15 min. The remainder of the processing was similar to that of

the other sections.
Cell Reconstruction and Analysis

Cellular morphology was analyzed by viewing the sections under the
light microscope. The location of each cell was determined by measuring
the dorsal orlventral distance of the cell from the central canal and the
medial distance from the lateral boundary between grey and white matter.
These measurements were used to.make the composite picture seen in Figure
1. Neuronal reproductions were made using a Zeiss drawing apparatus

(camera lucida). Cell drawings were photographically reduced. Stain
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neurons were not corrected for shrimkage which, in this material, may

amount to 30%.

Labeling of Clarke's Column Neurons Using the

Method of Retrograde Transport of HRP

Five cats were prepared in the same manner as those preﬁiously de-
scribed excepf thaé only thé head was shaved and a cephalic vein cannula
inserted. A midline incision was made between the temporal crests of the
skull, and the temporalis muscle was retracted on the left side exposing
the skiill. A dental drilll(Emesco'Dental Co. model 90N) was used to re-
move a part of the pa¥ietal bone (2X2 em) over the occipital lobe of thev
cerebrum. The cerebrum was exposed, dura mater was incised, and the por-
tion of the cerebrum over the tentorium was removed by aspiration. A
small bone rongeur was used to remove the tentorium overlﬁing‘the left
anterior'cerebellum.exposing lobules IV and V of the cerebellar vernis
(Larseil, 1953). A microelectrode having a tip diameter of 45-60 ym and
filled with 25% HRP in Tris buffer (pH 8.6) was held in a micromanipulator
(Narishige model MM3) and inserted one mm deep into the cerebéllar cortex
of lobgles IV and V. HRP was iontophoretically delivered with an initial
positive continuous cu?rent of 5-6 YA for several minutes; however, due to
an increase in the eleétrode resistance, current fell to 1-2 pA by the end_
of the 10 min of injection time. After electrophoresis, the electfode was
léft in situ for 5 min before it was withdrawn. The procedure was re-
peated at three a&jacent sites in the cerebellar cortex within a nine

square millimeter.area.
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After the HRP injection, the dura was pulled back over the cerebellum
and gelfoam (Upjohn) was used to £ill tﬁe cerebral cavity. Muscle and
skin were sutured into place using silk thread (Ethicon size 0) and simple
interrupted sutures. The animal was given antibiotics (50,000 units of
procaine penicillin plus dihydrostreptomycin sulfate: Combiotic, Pfizer)
and allowed to recover. On the third postoperative day, the cat was
anesthetized with sodium pentobarbitone and perfused transcardially. The
épinal cord and cerebellum were removed and processed as previously de- -
tailed. A block of the cerebellum containing the injection sites was
sectioned sagittally into 75 um thick sections. The spinal cord from T,
to L4 was sectioned transversely. Only every third 75 pym spinal cord
section was saved for analysis. After all sections were observed under a
light microscope, photographs of retrogradely labeled cells were made.on a

Leitz photomicroscope using photomicrography color film (Kodak, PCF).
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RESULTS
General

Attempts were made to stain 77 spinal neurons in lumbar segments Lz;
L3 with intracellulariy injected HRP. In 38 cases, stained neurons were
' recovered at the expected level in the histological material. Of these,
12 units were well-stained and 26 were partially stained. Well-stained
cells had d%stinctly brown stainéd somas and dendritic processes which
were clearly demarcated from any of the surrounding unlaﬁeled cells, far—
tially stained cells were usually stained cell processes. They consisted
of‘either'an axon or one to several dendrites. In this category alsq were
units where staining'was weak or projectioﬁs of neufonal processes could
not be followed with éertainty. Neurons with cell bodies obscured by
extracellular HRP or somehow lost or damaged in processing also wefe
classified as partially stained. All cells were located in spinal cord

segmeqts?LzhL3. ,

Microelectrodes

We were most successful in labeling neurons when electrodes with tip
sizes of 1.4-2.8 ym were used. Filled with a solution of 10-25% HRP,
these electrodes had resistances of 6-60 MQ if measured in the spinal
cord. The measured resistance value frequently rose as thé electrode
moved through the spinal cord tissue due to partial blockage of the tip
with tissue particleé. If the electrode resistance rose to over 100 M{,

it could generally be reduced to near its original resistance value by



19

either backing up the electrode or by ejecting brief pulses (1-2 sec) of

positive current (15-20 nA).
Resting Membrane Potentials

Thg resting membfane potentials of our well-stained celis raqged from
20 to 60 mV (all potentials were=ﬁegative with respect to ground). If we
attempted to stain cells which had initial resting potentials of less than
20 mV (and therefore were probably injured), the potential rapidly de-

clined to zero and the HRP injection was aborted.
HRP Trahsport and the Minimum Amcunt of HRP

In both dendrites and axons, the transport rate of HRP was calculated
by dividing the lpﬁgeét length of labeled pfocess by the time taken for
HRP transportation. The latter was the period between the time of cell
injection with HRP and the time the animal was sacrificed. ﬂendritic

transport rates ranged from 1-58 mm/day, although, in most cases, the rate

¥

was 1-12 mm/day. Axonal transport rates were 6-23 mm/day;

The minimum amount of HRP injected necessary to obtain a well-stained
neuron was 3.4 microco@lombs (UC). One cell (63/3; Figure B8A) staiﬁed
with 3.5 uC distiné?ly shows the neuron cell body and seven primary

dendrites.
Characteristics of Well-Stained Cells

In 12 cases, HRP staining clearly delineated the geometry of the

cell. A number of details were usually distinguishable including soma
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Ashape, orientation of the perikatyal region in the spinal cord and den-
-dritio branching patterns.. Salient charactetistics of these twelve well-
stained cells are summarized in Table l' Figure 2 illustrates the loca—
tion of the well-stained cells within the spinal cord gréy matter. As cann
‘ be seen in Figure 2, s1x4cells were located in the intermediate grey,‘five
S in the ventral horn and one in the dorsal horn, -
Two of the well-stained cells were located at the border of the dorsal
horn and lamina VII, two (cells 45/2fand 58/4) were iocated inllamina VlI
'and‘two (cells 43/5 and 75/3) were located in Clarke's column. Cells
fonnd'in the intermediate grey had initial resting potentials of 20 to‘55
mV. They were injected with 3.4—8;4 UC of HR?.‘ Soma sizes of horilzontal-
ly sectioned cells ranged from 7x20 um to 23X50 um (mediolateral X cranio-
oaudal). Each cell body was generally elliptical in shape with the long
axis parallel to the long axis of the spinal cord. ‘Cell bodies were
stainedrdark brown,‘and though'dendritie staining.appeared lighter as
fiber diameter decreased, dendrites were evenly filled_with HRP down to.
their finely tapering processes.‘ Fiﬁe to seven primary dendfites were -
‘ohserved for each eell ranging from 2—8 um in diameter. Dendritic branoh—
ing was seen starting 10-40 um from the cell body. All cells had their
longest dendrltlc extent along ‘the cranio caudal axis of the spinal cord
Although organized primarily parallel to the long axis'of.the Spinal'Cord,
dendritic branching patterns varied considerably. Cell 45/2 (Figﬁte'3A)
shows a pattern of few dendrites in any but the cranio—caudal direction,
‘whereas CEIls 58/4_(§igure 33) and 52/1 (Figure 4) show dendritic.spread

" in the mediolateral directioh as well. The dendritic projections of all



Table 1. Characteristics of well-stained spinal neurons

Cell No. 43/5 45/2 52/1 58/4 67/2 75/3
Location 162 16 16 g 16 16
Rexed's Clarke's VII v VII. v Clarke's
lamina column column
Resting
potential
(mV) 30 55 45 40 25 20
Amount of HRP
injected (uC) 5.4 6.1 7.1 3.4 6.0 8.4
Soma sized
mediolateral 40 7 15 15 23 12
cranio-caudal o
(Hm) 25% 20 45 30 50 25
No. of primary
dendrites 6 7 6 5 5 -
Dendritic
extent (um) ‘
cranial 1050 325 1270 400 500 300
caudal 800 315 545 270 560 300
dorsoventral 220 80 400 75 400 150
mediolateral 250 40 300 300 150 50
Axon length 1050 725
(1m)
direction to DLF toward
lateral
funiculus

#Intermediate grey.

bVentral horn.

. “Dorsal horn.

dIn a horizontal plane.

“Cells sectioned transversely; this dimension is dorsoventral.
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49/2 63/3  65/4 72/3 73/2 72/1
ve®  vm VB  VH VH DH®
IX X IX IX VIII III
- 40 40 60 20 50
6.1 3.5 7.2 8.6 10.3 9.6
37 25 25 25 25 13
50% 55 50 95 37 63
7 8 7 11 6 6
640 410 400 1190 350 190
480 400 1200 860 400 250
400 300 200 500 300 100
340 380 160 500 500 50




'Figure 2. Distribution of well-stained neurons. Solid line depicts
' ‘the boundary between grey and white matter. Dotted line is
the outline of Clarke's column

A dorsal horn cell
@ intermediate grey matter cells
© Vventral horn cells
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45/2

C  cranial direction M{ 58/4}

M medial direction

Figure 3. Camera lucida drawings of two HRP stained spinal neurons '

\ © (cell 45/2 in A; cell 58/4 in B) located in the inter-
mediate grey matter. Sections were cut in the hori-
zontal plane ' . -



Figure 4.

Camera lucida drawing of an HRP stained neuron located in the intermediate grey.
axon (arrow) was stained for 725 um as it proceeded toward the lateral funiculus.
Sections were cut horizontally

C cranial direction
M medial direction

The



100 um

52/1

Lz
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the intermediate grey cells remained within the intermediate grey area and
were not seen to enter either the dorsal or.ventral horns. Dendrites ex—
tending in a cranial direction were stained for 300-1270 um, while théée
extending caudally were stained 270~-800 pm dorsoventrally and 40—300 Hm
mediolaterally. Two cells had‘gtained axons. Figure 4 shows the axon |
arising from the cell body of unit 52/1 which could be followed for f25 M
as it extended toward 'the lateral funiculus. The other stainéd axon was
from a cell faund in Clarke's qolumn and is described below.

Two cells were from spinal cord material which was sectioned trans-
versely. Tﬁey were found to lie in the area of Clarke's nucleus. Their
soma sizes were 12%20 pm and 40%25 um (mediolateral X dorsoventral), Both
cells had dendrites which did not extend outside of the boundaries of
Clarke's column. Because these cells could not be adequately recon-
_structéd, it is not possible to comment on their dendritic branching pat-
terns in the transverse plane. TFigure 5 éhows the location of one of ‘
these cells (43/5) in the spinal cord and the cell's HRP filled axon which
could be followed for 1050 um as it proceeded inte the dorsolateral -
funiculus. ©No stained axon collaterals were seen.

of the‘five stained cells located in the ventral horn, one was from a
cord which was sectioned transversely and could be seen lying in Rexed's
lamina IX. Three cells from horizontally sectioned spinal cords were
located in the tip of the ventral horn and also were probably locdted in
Rexed's lamina IX. Cell 73/2 was located at the base of the ventra; horn,
probably in lamina VIII. The initial resting potentials of these cells

ranged from 20 to 60 mV, They were injected with 3.5-10.3 uC of HRP. 1In
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Figure 5.

Camera lucida drawing of a partially reconstructed HRP stained
spinal neuron (cell 43/5) located in Clarke's column. Section
was cut in the transverse plane, The axon (arrow) 1s shown as
it proceeds into the DLF. No axon collateral was Seen
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Ihorizontally sectioned cells, soma sizes ranged from 25%37 pm to 25%95 um :
(mediolateral X cranio-caudal). In each case, the longer axis of the
elliptical cell body was aligned parallel to the long axis of the spinal
cord. Theré were generally six to eight primary dendrites seen per cell;
however, one well-stained cell (72/3, Figure 6) had 11 primary dendrites.
In some cases, cell 73/2 (Figure 7B), for example, dendrites came off

around the cell body at almost regular intervals and dendritic processes

were easily distinguished from one another. In other cells (72/3, Figure
6 and 63/3, Figure 8A), primary dendrites were clustered more along the
cranio--caudal poles of the soma and branched a short distance from the
cell body making it difficult to determine the number of primary dendrites
accurately. The diameter of thg primary dendrites was generally 5-7 um.
Dendrites of all cells had thelr longer extensions organized cranio-
caudally parallel to the axis of the spinal cord. Dendrites were stained
350-1190 um in the cranial direction and 400-1200 ym caudally from the
soma. Stained dendrites extended 200-500 uym dorsoventrally and 160-500
um mediclaterally. The secondary dendritic branches originated 10-40 ym

. from the cell body. In cell 49/2 (Figure 7A), which was from transversely
sectioned material, and cell 73/2, which was at the base of the ventral
horn, dendrites were seen extending into lamina VII. Although dendritic
processes generally were seen only in the grey matter, dendrites from two
of the cells could be seen extending into the ventral funiculus (cells
72/3 and 49/2, Figures.6 and 7A, resPectively). Stained dendrites from
cell 72/3 also were seen in the lateral funiculus. No definitely stained

axons were identified.



Figure 6.

Camera lucida drawing of an HRP stained cell located in the ventral horn. Dotted line is

the border of the ventral funiculus and the grey matter.
ly

C cranial direction

"M medial direction

‘Cell was sectioned horizontal-
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72/3




Figure~ 7. Caméra lucida‘dréwings of two cells located in the ventral horn of the spinal cord. Cell
49/2 (A) was sectioned in the transverse plane (dotted line is the border of the ventral
horn and the ventral funiculus). Cell 73/2 was sectioned horizontally

cranial direction
lateral direction
medial direction

ventral direction

Lol ol el
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T 13/2
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Figure 8. Camera lucida drawings of two HRP stained spinal neurons (cell 63/3 in A; cell 65/4 in B)
ventral horn. Both cells were sectioned horizontally

C cranial direction
M medial direction
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One cell was recovered from thé dorsal horn in the area
of Rexed's lamina III. 'Its initial resting poteﬁtial was 50 mV, Despite
having a calculated amount of injected HﬁP of 9.6 uC, the cell was rela-
tivelx lightly stained and the celilnucleus could be.seen.as an unstained

pale area within the cell bedy. The cell soma measured 13%63 um (medio-

lateral X cranio-caudal). Thére were six primary dendrites which appeared

to radiate primarily from the cfanial and caudal ends of the cgll soma.
Staingd dendrites extended cranially fgr 190 um and caudally for 250 um.
?he aendrites could be seen projecting 100 pm dorsoventrally and 50 um
mediolaterally. Few secondary dendritic ﬁranches were seen probably due

to the light staining. No axon was seen.
Partially Stained Cells

-Among the parpially stained cells, therg'wefe two structures stained
which were not found in any of the well-stained cells. Figure 9 shows ?n
axon ;ollatefal stained with HRP. The axon is located in the lateral
-funicglus and is shown giving ;ff a éollateral soon after‘entéring the
white-ﬁapter. This lightly stained axon was located near ‘one of the'welli
stained cells (é?/Z).and was ﬁrobably filléd'with HRP due to ipjury by the
microélectrode and uptake of ektfacellularly located HRP from the sur-
rouﬁdiﬁg tissue. In another ‘cell which réceived‘il.S uC of HRP, only the
deﬂdritgs were stained. Figure 10 éhows the staine@ dendritic spines

which were located in the intermediate grey matter.



Figure 9.
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Lightly stained axon and axon collateral (arrow). Both were
probably filled with HRP due to axonal injury. Dotted line
indicates the boundary between grey and white matter.
lies mostly in the lateral funiculus

The axon
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Figure 10. Dendritic spines from a partially stained cell located in the
intermediate grey matter. Only the dendrites of this cell
were seen stained in the histological material
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_ Retrograde Transport of Extracellularly Injected HRP

We were successful in finding retrogradely labeled cells in only one
out of five experiments. This shortcoming was probably the result of
difficulties'encountered with the extracellular application of:sufficient
amounts of HRP by iontophoresis, pobr tissue perfusion and problems with
the processing of tissue sections. The following'results'and the dis-
cussion, which appears later, deal with thé successful experiment.

Sagittal cerebellar seétions 75 um thick were examined to cénfirmwthe
site of HRP injection. Figure 11 shows a sagitta1 section of the left
cerebellar -vermis and indiéates the site of multiple applications of HRP.
Injécted HRP was found mainly in the lower part of lobule V. The -staining
was found_iﬁ‘12 sectlons which, since every alternative section was savéd,
amounted to about a 2 mm wide (mediolateral) section of the cerebellum.
Light microscopic examination of the spinal cord ;ections showed nine
retrogradely labeled cells on the ipsilateral side of the spinal cord in
the.area of Clarke's nucleus of spinal segments T

2> T3> Typ» Typo Tpq and
L4. The intensity of the HRP staining varied wi&ely from faintly stained
cells which were'only obvious under high magnification (400x) to cells
which were readily apparent under low power (40x). In all cases, no more
thag one retrogradely‘labeled cell ‘was found on a single histological
seétionu' Three cells were'fdund';n the T2 spinal cord segment, two in
Tll’ and one in each of the other mentioned spinal cord segments.
The best exémplé of a fetrogradely lébeled cell, found in the T2
segment;:is seen in Figﬁre 12, The cell body appears to Be diffusely

filled with dark brown granules. The brown HRP filled vesicles can be
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IV wvermisan lebule four
V vermian lobule five

Figure 11. Schematic of a sagittal section of the cerebellum indicating-
the site of multiple extracellular injections of HRP. Shaded
area indicates the location of injected HRP
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Figure 12. Spinal neuron retrogradely labeled with horseradish peroxi-
dase. The cell was located in Clarke's column of spinal seg-
ment Top. The spinal cord was sectioned transversely
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3

seen extending into the bases of the dendritic processes, The size of
retrogradely labeled cell bodies ranged from 18x28 um to 37%50 um measured

along the long and short axes of the elliptically Shaped cells,
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DISCUSSION

General

v

Results obtained'with'intraceliular‘HRP stainiﬂg of ehe spinal cord
‘neurons CIEa;ly rg&eai the advantége of this technique, not only because.
1o£ the possibility of ﬁisualizﬁtion of a physiologically charééterized
neuron but also begause of the quality of staining for morphological
analysisi:'}ight et al. (1979) reported that the general picture presented
of an HRP-stained neﬁfén is similar to éhe best examples of Golgi-stainéd
.material, with’thé advantage that one neuron can be singled out with the.
HRP technique. A consistént diffe:ence that they and others found between
'the'two_methods is.thét Golgi staiﬁing often shows abrupt, reiativély ‘
thick dendritic terminatibns, whereas HRP staining shows fiﬁely tapering‘:
dendiitic processés visible.down to the limits of the light micrqscope:
Although several of our camera lucida figureé show some abrupt dendritic
terminations, these were usually‘éontinued on subsequent sections but were

not included because they could not be accurately reconstructed.
Delivery of HRP by Intracéllular'Iontophoresis

Microelectrodes

Our well-stained cells were injected wiéh microelectrodes havingrtip
&iameters of‘1.4—2.8 pm and in-vivo re%istance of 6-60 M. The tip sizes
and resistances of'the electrodes employed where cells were suc;essfully
labeled in ou;-experiments are compérable to those used by 0£her’investi—

gators. Cullheim and Kellerth (1976) used electrodes with tip Sizeé of
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1.5-2.5 um and resistances of 30-60 MR, whereas Jankowska et al. (1976)
used miéréelectrodes with tip diameters of{2—3 pm having 25-35 MQ re-
gistances. Brown et al. (1977b). and Smow et al. (l975)_reﬁorted that
successful labeling of cells could be a;hieved with electrodes ha&ing re-
sistances of 25—40 and 5-25 MQ, ;espectively. Although no investigators
Vreported using microelecfrodes withrtip sizes largér than 3 um for intra-
cellﬁiar labeiing with HRP, a few investigators routinely used electrodes
"with sﬁaller tips than we found satiéfactory in our work. Thus, McCrea
et al. (1976) useé electrodes with tip sizes of 1-1.5 pm and 50-100 MQ
resistances to inject Purkinje cells and Liéht and Durkovic (1976) re-
pérted successful labeiing of spinal motoneurons with microelectrodes
having 0.3 um tips. and 50-80 MQ imbédances.

One of the probable factors responsible for a relatively low yield
(iz-well—stained cells out of 77 attempted) of successfully labeled spinal
 neurons in our experiments was the inability of some of the microelec-
frodes to inject sufficient'quantigies of HRP. tight and Perl (1979) re-
portedlthat their low yield (22%) of successfully marked units partly re-
flected thg.fact that; in séveral cases; the iontophoretic current-faiieﬁ
to eject HRP. Itishould be note@ that alth;uéh release of the ionto~
phoresed.éubstance_from the microelectrode is linearly related to the
. curreﬁt_passed,'substgntial variations in amounts delivered hive been re-
ported between different micropipettes even when made of the same~gléss
an& filled with-identical soiutidns (Kelly, 1975).

Generally, a micréelectrode with a iarger tip size had a lower im-

pedance value in-vitro. However, there was no correlation between tip
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size and the resistance value measured-iéfgigg in our experiments. This
lack of correlation was probably due to partial blockage of some but not
all_electfodes with tissue particles during penetration of the spinal
cord. In our hands, electrodes with resistances greater than 60 M -did
.not give,adéquaﬁe HRP staining of spinal cells because they showed a
tendency for blockade of their tips. Cells penetrated with electrodes
having resisfances of less than 8 M@ usuaily did not show stable resting
potentiéls,-#ery likely due to damage of the cell membrane by these

1argér tips.

Tontophoretic. current

We calculated the amount of HRP delivered into a cell by multiplying
the iéntopho;etic éurrent (in nanoamﬁs) by the total time of HRF applica-
:tion (i; minutes)rand then converting the vélues‘obtained to microcou-~
iombs. At fhe‘presqnt time, we think that this is the best method for
.expressing éhe relative amounts of’injected HRP. The HﬁP was ejected from
;thg mic?oelgctrode,either by using‘positive"cufrent pulseés (15-20 nA) or
constant positive cu;rént. With these currents, satisfacfory filling of
cell bodies and dendrites was achieved using a minimum of 3.4.uC of HRP‘
and a durétipn of.intrécellular application of 7.5‘min. Cells 58/4
(Figure 3B) and 63/3 (Figure 8A) were stained with 3.4 and 3.5 uC‘ﬁf HRP,
respegtivelf; From our data, we cannot report any advantage of one
method of HRP'current delivery over the other. We used current pulses
more often than constant cﬁrrent in our éttempts to stain cells and the
majgrity of our well—étaingd cells (eight out of twelve);were lébeied_with

-current pulses. Although most investigators have used current pulses for
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intracellqlar HRP delivery, Cullheim and Kellerth (1978) and Cullheim and
Ulfhake (1979) have reported good intracellular staining of motoneurons
using constant positive current for injection of HRP. Perhaps the pre-
ponderance of the uSEIof dc pulses is due to investigators having experi-
ences similar to those reported in ;he paper introducing the technique of
micréelectrophoretid delivery of HRP, where Graybiel and Devor (;974)
warned that the use qﬁ continuous current often caused severe inétability

in the impedance of HRP filled pipettes in their experiments.
Reéting Potentials

. In contrast to work by Erown et al. (1977b), where they reported that
2 resting potential greater than 40 mV correlated with better staiping, we -
found no correlation between the initial reéting potential (provided it
Was_greater than 20 mV) and staining quality (length of longest dendrite
stained).

We were unable té successfully stain spinal neurons having initigl
resting potentials less than 20 mV.: The. low resting potential was proba-
bly indicative of a damaged cell membrane which resulted in the inability
.of a cell to retain intraéellularly injected HRP. In agreement with our
-findings, McCrea et al. (1976) also reported that they did not get good
stain%ng results with cells having resting potentials of lesé than 20 mV.

-The resting potentials of our cells usually declined during the
course of the injec;ion. Several factors might have contributed to this:
(1) membrane leakage caused by damage during microelectrode pentration of

the cell membrane, (2) the electrode coming out of the cell, (3) the
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injection of positively charged HRP ions into the cell which resulted in
cell depolarization. Several of the well-stained cells had resting poten-
tials which declined to zefo by the end of HRP ilontophoresis. Comparisons
.of these cells with cells which had resting potentials which did not de-
cline to zero and were given approximately equal amounts of HRP, revealed
.no discernible diffgrgnce'ih staining quality. Similarly, Cﬁllheim and
Kellerth (1978) found no correlation between the success gf HRP ionto-
'phoresis.and the elecfrophysiological behavior of a cell during intra-
cellulaf’recording. fhey reported that, in many iﬁstanCES, a cell did not
‘show any physiologicai sign of injury but was nevertheless found to be
‘Badly deteriorated morbhologically, while on the other hand, cells which
had lost their antidromic action potentials and showéd large dgcrgases in
membrane potentials during iontoph;resis could appear intact as judged in

the light microscope.
Plane of Section

Spinai cords were‘sectioped@rédominantlyhorizontally, although in
the initial exﬁeriments, transverse sectioning was done because of our
intenf to work on Clarke's column neurons and the necessity of locating
them in Rexed's lamina VII. The advantage of horizontal sections was that
all of our well—stainea cells had dendritiec fields which were longest in
the cranio—caudal d;rection; so.in each case, a horizontal section allowed
the greatest amount of dendritic extent to be viewed. The major dendritic
organization of horizontally sectioned cells was therefore more readily

obServable.i
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Scheibel and Schéibel (1966) reported that dendrites of spinal moto-
neurons, when viewed in transverse section, appear diffuse and widely
~ramifying, while in sagigtal sections, they appear to have a high degree
.of rostrocaudal organization. This point was confirmed in our experiments
in a comparison of the dendritic fields of two of our well-stained cells
which were.recovered from the ventral horn. Ce;l 72/3 (Figure 6) was
sectioned horizontally, whereas cell 49/2 éFigure 7A) was from trans-
versely sectioned matérial. The rostrocaudal organization of cell 72/3 is
readily apparent, while the transversely sectioned cell's dendrites appear
.to sprea&_in all directions. In additioq, the reconstruction of Ehe hori-
‘zontally sectioned cell was much easier,

: Ho;igontal sections were much easier to process serially than trans-—
verse sections. For example, a two centimeter long piece of spinal cord
sectioned trahsversely wo;id give tﬁo hundred serial sections 100 Jm
thick, while the same:piece sectioned horizontally would amount .to only
about 40 sections. 1In addition, the larger hoerizontal sections were
easier to handle and to mount. Horizontal sections.also were easier to
scan since a two centimeter léngth of cdfd, at one dépth, could be exam-
ined rapidly by viewing a single section. In many céses, it was only
necessary to look at seven or eight sections to note all injection sites
and labeled cells.

Perhaps the one drawback of this method is that it does not allow

easy use of Reked's laminar classification of the spinal cord grey matter.
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Hanker-Yates Reagent Versus'Diaminobenzidiné

One of the ﬁRP labeled cells (45/2, Figure 3A) -was processed with
Hanké?—Yates reagent instead of DAB. AlthéUghfthe procedures are very
gimilar in relation to the ease df processing of the histological sec-~
tions, Hankér-Yates reagent has beeg ;eported to be more sensitive to and
more specific foflplént hydroperoxidases than.is DAB (Hanker et ai., ‘
1977). The intehsifyuof brown—biédk staining of neurons By the Hanker-
Yates reagent was similar to that seen in sections processed with DAB.

One disadvéntagé, however, was that the sec;ions stained with Hanker-Yétes
-reagent apbe;red to'téke oé‘a diffusely broﬁnish tinge making it hérder:tﬁ
tﬁécriminate HRP labeled neuroms. _However,Awe initiaily had a similar ex-
'perieﬁce with DAB whiéh we a#tributed‘to either poor fixation or oxidati;n
of the‘chromogen.‘ Although we prefer the DAB method for dévelopment.of
HR? and. most investigators seem to use it, our experienge with the Hanker-
Yateéyreagent_was limited to one experimgnt. This obviously does not
permit an} méaningfultﬁonclﬁsiqns to be'drawn. It is interesting te note
that Light aﬁd'Perl (1979) reported using DAB treatment followedfby‘
ﬁanker-Yates processing to prodﬁce a darker staining of HRP injected

cells,
HRP Trangport Rates

Our highest rate of HRP transport in dendrites was 58 mm?day. This
wds seen in only one cell (58/4), located in the intermediate grgy;.in :
‘which the time available for HRP transport was quite short (10 min) and

the entire cell was found on one histological section. This value com-
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pares favorably with rates reported by Cullhéim and Kellerth (1978) of"
55-60 mm/day in dend?ites and axons of spinal motoneurons. However, in
thelmajority of our stained celis, dendritic transport was calculated to
be only 1-12 mm/day. The probable major reasons for the low rates of HRP
~transﬁort in our experiments wére: (l) i£ was impossible to reconstruct
;ﬁeurons for more than:a few histological SEétions with confidence, there-
fore, the distal parts of some of the dendrites were not measured; (2) the
average amount of HRP that we injected was ?.2 UC. In contrast to this,
Cullheim and Kellerth (1978) and Burke et al. (1979) routinely used 18-22
uC and .18-27 uC, respectively. .Thus, if is reasonable to assume that our
inability to‘detect‘HRP in the‘finer extensions of dendrites resulted in
part from our appliéation of Smallér amounts of HRP.

Only two axons of well—stained cells were clearly seen and the HRP
aXonal.trahsport rates were calculated to be 6 and 23 mm/déy; These
values are considgrably smaller than the rate reported by Cullheim and
Kellerth (1978). of 55-60 mm/day or that of 36~60 mm/day mentioned by Snow
et al: (19755.. These reported rates iﬁdicate.that the anterograde axonal
transport of HRP takes place not at the "fast" (100-300 mm/day) or "slow"
(1-10 mm/day) transport rates but at an intermediate rate. Our inability
to foligw the éxon for more than a.few'séctiOns was probably the-réason

for the low rates calcglatéd for HRP transport in the two stained axons.
Well-Stained Cells

Of the cells locatéd in the intermediate grey matter, two'had cell

bodies located in Clarke's nucleus. Cell 43/5 (Figure 5) was a large cell
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measuring 40%x25 um (ﬁediolateral X aorsoventral). On the basis of soma
-size, this ce:li was identified as the large Clarke cell mentioned by
Boehme (19685~or the élass C cell described by Loewy (1970). Theilength
of its stained dehdri;es compares favorably with lengths previously ré—
ported from Colgi étudies. Boeﬁme (1968) reborted that the extent of
wdendrites in the eranio-caudal direction waé over 500 um for large cells,
while Loewy reported several cases where dendrites of class C cells could
be followed for distances of moré'than i,OOd um. Also Randic et al.
'(1981) reported that tﬁe dendrites of their.best HRP stained class C cells
1weréffilled for up to 1250 um. The observed path of the axon from this
cell into the lateral:funiculus-tFigure,5) is si@ilar to the direction of
.the axon shown in“Figure 1 of Boehme's work and the description offered by
Loewy (lQTQ)i The axon arises from the medial part of the cell body,
xinitially pasées ventrally, then curves laterally toward the lateral
funiculus.. The axon was labeled for 1050 um and no collaterals-were seen.
‘The }atter finding is in agfeement with recent data of other investigators
(Loeﬁy, 1970; ﬁandic et al., 1981) who have not seen axon collaferals from
‘axons of large Clérke cells.

Cell 75/2 was a sﬁall {12%25 um) ellipéically shaped cell located at
the ventral border of Clarke's nucleus. On.the basis of the size, shape
and locatioﬁ'of the cell body, it appears to be what Boehme (1968) called
a small-bodied cell‘aﬁﬂ Réthelyl (1968) classified as a,gorder éeil. Th;
total craniofcaudal sﬁén of stained dendrites was found to be 600 um,
which-is Betwgen values of 400 um and 1,000 ym reported by Réthelyi (1968)

and Boehme (1968), respectively. Golgi studies by Boehme (1968), Réthelyi
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(1968) and Loewyb(1970) revealed that most mneurons in Clarke's nucleus
have their dendrites oriented in a cranio—qaudal direction and dendrites
usually leave ceil boaies at the cranial and caudal poles. Recent work by
.ﬁandic et al. (1981) using intrdcellulér injection of HRP also supports
these observations. Because of ‘this dendritic organization, transverse
sectioning of these two cells made it impossible to reconstruct their
dendritic brénching ﬁatterns with confidence. In agreement with most in-
vestigators, however, was our observation that most of the dendrites of
.these cells remained within the area of Clarke's nucleus.

Four of the five ventral horn cells stained in our experiments'were
lqcéted within the motoneuron regions of the spinal cord. However, due to
the lack of'électrOPhysiological data, we csuld not classify them conclu-
sivély as motoneurons.' The fifth cell (73/2) was located at the base of
‘the venfral hor# out of the areas normally considered as motoneuron loci
and thus it probably is not a motoneuron. Of the other four cells, one
cell (72/3) had dendrites stained 6ver 1100 ym in the eranial direction.
This finding agrees with the-findings‘obtained from Golgi-stained prepara; '
'tions of motoneurons b& Scheibel and Scheibel (1966). ‘Investigators
(Sprague, 1948;'Romanés, 1951; Scheibel aﬁd Scheibel, 1966) agree that the
Qide rgﬁge in.shape and size of ventral horn cells precludes identifica-
tion on the basis of cellular morphologyﬁalAne. Scheibel and Scheibel
(1966) .state that the only significant criterion for morphologicél-identi—
fication of:motoneurons is thg nature cof the axons. Unfortunatelf, no

axons could be positively identified in our ventral horn cells.
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The Amount of HRP and the Extent of Labeled Processes

Soma and dendritié-staining

There appeafs to be soﬁe variation in reported results regarding the
amount of HRP which'gives the best results. We found that intracellular
'injecéion of 3.4 uC of HRP was the minimal amount of the enzyme giving
good cell body delineation. This amoung is not far from minimal value of
2.4 €. (given as 40 nanoamp-minutes) reported as necessary for light
microscopic identification by Jankowska et al. (1976). Our results also
‘confirm their observation that the nucleus is still visible in cells in-
jected ﬁith less than 4.8 UG of HRP. Whereas Neale et al. (1978), in
:their-work delinéating_1abeliﬁg of cultured spinal cord neurons, reported
=best results When HRP- amounts wére.iﬁ the range of 1.2-3,0 uC, MeCrea
et al. (1976) reported that the most satisfactorily stained cells were
[those which weré.injected with more than 24 UC of HRP. ‘

ﬁcCréa also drew attention to other factors ﬁhich appeared t§ sig-
nificantly affect-stainihg of the terminal axonal arborizations of
Purkinje cells. He pointed out that cells with shorter axons, thosé in-
jectgd with greater amounts of HRP and animals where survival tiﬁes were
longer to allow more time for HRP transport, had more satisfactory stain-
ing of their terminal arborizations. While our experiments did not in~
clude sgudy of axon terminals, data from our well-stained cells showed no
positive cofrelétion between eithef the time allowed for transpﬁrf of HRP
(survival tiﬁe) or the amount of HRP injectéd and the lenéth of the long—
est processes stained. The length of dgnd?itic processes stalned had

little relation to the animal's survival time. Even a short survival time
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of 10 min (cell 58/4) resulted in a good demarcation of dendrites which
were stained'éﬁer léngths equal to the lengths of dendrites from a cell
-with a survival timé exceeding 5 hrs (cell 75/3). Lighf and Perl (1979)
alsé reported thét,-iﬁ their experﬁmenés, the length of fiber stained bore
“no‘relatioﬁ to how much time passed between:iontophofesis of HRP énd
fixation of the tissue; It shoqlq also be noted that Brown et al. (1977a)
reported that, for extended survival times' (16-26 hrs), axonal étaining of
spinocervical tract neurons was comparable to staining obtained witﬁ
shorter survival tiges (4~9 hrs) although, in the former case, soma and
dendritic ﬁRP staining was lost. Also Cullheim and Kellerth (l9§8) ob-
served an iﬁcreased risk for morphological deterioration of cells with
:longer survivgl times (4-8 hrs). Burke et .al. (1979) found that limiting
-.of the diffusion timéito less than two hours seemed teo minimize neuron
‘injury.

Although it appears from some of the studies discussed above that
both survival time (pr;vided that it is not too long) and the amount of
HRP injected would affect the quality of neuronal staining (in this case,
the length of.dendrites stained); there are several reasons perhaps why
‘this waé not shown in.our expe;iments. In.some cases, it was impossible
to reconstfuct stained dendrites over their maximum lengths with confi-
dence. This was due to the problems encountered with reassembling den~
drites over several histological sections Also, in some cells, not all
HRP was deposlted 1ntracellularly, some being seen extracellularly For
those cells, the total amount of HRP recorded would be an overestimate of

the quantity of HRP being transported within the cell. Perhaps more
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important 1s the fact that we were dealing with a heterogeneous pppulation
o?lspinal neurons. No attempt was made toicalculate the relative volume
of a neuron filled per injection. Since tﬁé cells va;ied in their size
-énd mgrphblogy, éjmdre analytical approach_is'neceséary to properly
evaluate effgcté of survival time, amount of ﬁRF delivered and otﬂér
'baramete¥s diséuséed on_éhe qﬁality of neuronal staining. A study on a
mofpholoéi;ally more homogeneous group of néurons varying either the
amount of HRP or survival time and using length of longest dendrites
stained as a measure of the quality of staining has yet to be doné_by any
investigator. )

Axonal staining

In!ﬁur-group of fwelve.well—stained neurons, only two axons were
positively‘identified._ Studies by other investigators reveal variable
éuccesé with axonal stéihing. Czarkowska et al. (1976) reported that the

44 recéﬁered cells out of 55 which they attempted to label all had stained
: a#ons.. Light énd'ﬁurﬁovip {1976) reporte& stained axons for all spinal
interneurons labeled. ‘Brown et al. (1977a) reported that, of a seiected
population of well—séained spinocervical.tract cells, all had stained
axons. On the other hand, in a study of smaller cells located in the
Bubstantia‘éélatinosa, Light et ai. (1979) reported only three positively
idéﬁtified axoﬁs.in seventeen well-stained célls. Randic et al. (1981),
in a study of DéCT neurons; could identify only eight stained axogs in a
popﬁlation'pn ninefeenlwell-stained cells. Comparisons of.the relative-
amounts of HRP used by -different investigators suggests that‘ghe percent-

age of‘successfuily stalned axons is higher'where greater amounts of HRP



57

are used. Cullheim and Kellerth (1973) reported that although 6 UC was
adequat; for main motoneuron axon staining, 18-22 uC of HRP was routinely
used to label axons and collaterals, They also reported that, in many
casés, they .could oniy see the ﬁart of thg axon passing close to the sur-
face éf their 30 um sections. They attributed the fluctuating intensity
of axonal stéining to poor penetration o% DAB through the myelin sheath;
Qur inabilipy to identify stained axéns on our stained cells could be
attribﬁted to: (1) injection of relatively low amounts of HRP; (2) in-
adequate reconstruction of stained cells which might have allowed for
ideﬁtification of an axon on the basis of its morphology; (3) poor pene-
tration of the chromogen, DAB, coupled with the fact that we had relative-
1y thick (75-100 pm) histological sections; (4) capricious staining of

the axons of some cells,
Extracellular HRP

In several experiments, extracellular HRP was present in the tissue
near the labeled cell. The source of this HRP was probably threefold:
(1) small amounts of HRP may have leaked from the electrode tip as it
approached the cell; (2) HRP leaked out through the injured cell membrane
during labeling; (3) 1if the electrode came out of the cell -during the
ldbeling procedure, HRP was deposited exﬁracellulariy. Regarding-the last
éossibility, one would expect to see extracellular HRP deposits whén
electrophysioiogical records register zero membrane ﬁotential, indicating
that the'electrode had come out of the cell. However, from an examination

of the experimental records of resting potentials, it was quite impossible
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to predict when large quantities of HRP would be present extracellularly.
In some instanceé, whgn experimental recprds showed a membrane potential
of zero at the end of'labeling, little or no extracellular HRf waé‘séen.
In other cases where records indicate reasonable membrane poténtials
thr;ughout the injection‘procedure, a substéntial amount of HRP was seen
extracellularly. This is further evidence that monitored resting poten-
tial is not a reliable indication of the success of HRP injection into a
cell, |

Alpractical consequence of extracellular HRP deposits is that the
enzyme can be taken up by cell bodies or injured processes and, in several
cases, more than one cell appeared labeled at a single injection site.
Although most of the time this additional labeling was slight, in at least
one instance two neurdns were well-labeled for some distaﬁce. In this
c;sé it was not clear whether the sécond cell was labeled‘by extracellular
ﬁRP taken up through an injured process or if the microelectrode came out
of the firstfcell during the iontophoresis and penetrated the second cell
depositing Hﬁf.intracellulafly. Conétant monitoring of the cell membrane
potentials and récorqing of the fuﬁctional characteristics of -the labeled
cell at the start and'end of the labeling procedure would have been help-
ful in this.case to distinguish between the possibilities discussed. In
éhose-cases where doubt existed as to which cell was intracellularly
.labeled, the cell was not included in the data. McCrea et al.' (1976) also

reported staining of neuronal elements adjacent to cells primarily stained

with HRP.
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Retrograde HRP

After depositing HRP extracellularly in the lower part of lobule V of
the left cerebellar vermis, HRP stained cells were found in parts of the .
ipsilateral spina} cord extending from T2 to L4 spinal segments. These
results support Grant's report (1962) that_gfferents from Clarke's nucleus
travel via the DSCT to terminate ipsilaterally in the anterior lobe of the
cerebellum primarily in lobules I to V. The results are also in accord-
.ance with the generilly accepted vieﬁ that Clarke's column in the adult

cat extends from spinal segment T. to L Recovery of a relatively small

1 4°
number (nine in toto) of retrogradely labeled cells was not unexpected
since the injection site was.relatively discrete, the amount of HRP in-
jected was quite small and not all sections were processed. Petras and
Cummings (1977) reﬁortéd quite a large number of retrogradely labeled
cells in Clérke's éolﬁmn, but their stud§ involved multiple injections of
0.5-0.7 ul of 20-257% HRP into the entire anterior lobe of the cerebellum,
whereas our experiment Qsed small iontophoretic injections of HRP into a
rglatively discreté .site (a 2 mm wide section of the lower part of lobule
V of the left cerebellar vermis).

Eight of the retfogradely lafeled ceilé were of the class C (Clarke
cell) type (Loewy, 1970). Their meén diameters were 30-43 pum, wh¥ch is
comparable to diameters of 32-40 um reported by Boehme (1968) for trans-—
versely sectioned cords. One cell had a méan diameter of 23 um. It may

represent a smaller class C cell or a class B cell. Due to the lack of

morphological detail, the cell caunnot be classified with certainty.
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SUMMARY

The enzyme horseradish peroxidase (MRP) was injected intracellularly
intafsingle neurons located in LyL,of the cat spinal cord.

The HRP was injected by paséing pdsitive current through -a HRP

filled microelectrode which was impaled in the neuron.

We wereumostlsuccessful in labeiiﬁg neurons when microelectrodes with

tip sizes 1.4—2.8 Um were used.

Filled with a solution of 10-25% HRE, the microelectrodes had in-vivo

. resistances of 6-60 MQ.

Attempts were made to stain 77 spinal neurons with intracellulariy

.injected HRP. In 38 cases, stained neurons were recovered in the

-hisfological material at the expected level. Of these, 12 units were

well-stained and 26 were partially stained.

Seven of the Wéll-stéined.cells wera located in the dorsal horn
and the‘intermediatg grey matter and five.cells were located in.
the ventral horn.

The resting potentials of the well-stained cells ranged.from =20 to

-60 mV.

The rate of anterograde transport of HRP in dendrites ranged from 1
to 58 mm/day. In axons, the transport rate was 6-23 mm/day.

Two -of the well-stained cells had axons which were labeled for 725 um

~and 1050 pm.

The minimum amount of HRP injected into a well-stained neuron was

3.4 uC.
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We concluded that the relatively new technique of iontophoretic in-
jection of HRP allowsbﬁbrphological characterization of a singlé
neuron followingfelectrdphysiological recording.

HRP was also microlontophoretically injected extracellularly into .

‘lobules IV and V of the cerebellar vermis and the presence of retro-

gradély labeledrneurqps in Clafké'sunﬁcleus of the spinal cord was
revealed by subsequent histochemistry.

Nine retroéfadeiy labeled neurons were recovered from the ipsilateral
side of tﬁe spinal cord in the area of Clarke's nucleus of spinal
segments T2—L4.}

Based on the uptake an& retrograde transport of extracellularly in-

jected HRP, cells of origin of afferent projections to the éerebellar

vermis were identified as Clarke's column neurons.
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