
Other amino acids, however, bind 
manganese (16). That L-dopa might 
conform to this precedent is suggested 
by the increased concentration of 54Mn 
(17) and of 55Mn (2) in livers of mice 
consuming L-dopa. 

Such a connection was also implied 
in man by a drop of blood manganese 
(5~Mn) while the patients' parkinson- 
ism was improved with dopa (18) (Fig. 
2). This was, however, not an indicator 
of responsiveness to the drug (19). When 
ranking patients as to their responses 
to L-dopa, one might rank them also 
with some simplified version of a 
technique utilizing 54Mn (3, 12) and 
seek correlations between the two. The 
individual variance is so great among 
patients with parkinsonism and chronic 
manganese poisoning (1) that the 
genetic differences encountered by 
others (20) might indicate divergent 
genetic susceptibilities among members 
of these populations. One cannot test 
healthy blood relatives with chronically 
administered drugs. It remains to be 
determined, however, whether a genetic 
marker can be developed by scanning 
these relatives for absorption or distri- 
bution of a harmless isotope (3, 12). 
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The specific form of a behavioral 
act generated by a population of neu- 
rons may be critically determined by 
the pattern of connections between 
units in the system. It is therefore es- 
sential in analyzing the cellular basis 
of behavior to Ibe able to identify the 
individual neurons involved and to vis- 
ualize the geometry of their interacting, 
branched processes (neurites). One of 
the most useful techniques for observ- 

412 

The specific form of a behavioral 
act generated by a population of neu- 
rons may be critically determined by 
the pattern of connections between 
units in the system. It is therefore es- 
sential in analyzing the cellular basis 
of behavior to Ibe able to identify the 
individual neurons involved and to vis- 
ualize the geometry of their interacting, 
branched processes (neurites). One of 
the most useful techniques for observ- 

412 

References and Notes 

1 . . C. Cotzias, P. S. Papavasiliou, J. Ginos, 
A. Steck, S. Diiby, Annu. Rev. Med. 22, 305 
(1971). 

2. P. S. Papavasiliou, S. T. Miller, G. C. 
Cotzias, Nature 220, 74 (1968). 

3. I. Mena, K. Horiuchi, K. Burke, G. C. 
Cotzias, Neurology 19, 1000 (1969). 

4. M. Lyon, J. Embryol. Exp. Morphol. 3, 
213 (1955). 

5. L. Erway, L. S. Hurley, A. Fraser, Science 
152, 1766 (1966). 

6. G. C. Cotzias, L. C. Tang, J. Ginos, A. R. 
Nicholson, P. S. Papavasiliou, Nature 231, 
533 (1971). 

7. A. A. Britton and G. C. Cotzias, Amer. J. 
Physiol. 211, 203 (1966). 

8. P. S. Papavasiliou, S. T. Miller, G. C. 
Cotzias, ibid., p. 211. 

9. L. S. Maynard and G. C. Cotzias, J. Biol. 
Chem. 214, 489 (1955). 

10. G. C. Cotzias and J. J. Greenough, J. Clin. 
Invest. 37, 1298 (1958); E. R. Hughes, S. T. 
Miller, G. C. Cotzias, Amer. J. Physiol. 211, 
207 (1966). 

11. P. S. Papavasiliou and G. C. Cotzias, J. Biol. 
Chem. 236, 2365 (1961); G. C. Cotzias, S. T. 
Miller, J. Edwards, J. Lab. Clin. Med. 67, 
836 (1966). 

12. G. C. Cotzias, P. S. Papavasiliou, E. Hughes, 
L. Tang, D. C. Borg, J. Clin. Invest. 47, 992 
(1968). 

13. E. J. Underwood, Trace Elements in Human 
and Animal Nutrition (Academic Press, New 
York, 1962), pp. 195-200. 

14. G. C. Cotzias, P. S. Papavasiliou, S. T. 
Miller, Nature 201, 1228 (1964). 

15. M. H. Van Woert, A. Nicholson, G. C. 
Cotzias, Conp. Biochem. Physiol. 22, 477 
(1967). 

16. H. N. Christensen, Fed. Proc. 20, 87 (1961). 
17. G. C. Cotzias and L. C. Tang, unpublished 

observations. 
18. G. C. Cotzias, M. H. Van Woert, L. M. 

Schiffer, N. Engl. J. Med. 276, 374 (1967). 
19. G. C. Cotzias, P. S. Papavasiliou, R. Gellene, 

ibid. 280, 337 (1969). 
20. N. C. Myrianthopoulos, F. N. Waldrop, B. L. 

Vincent, Excerpta Med. Found. Int. Congr. 
Ser. 175 1, 486 (1967). 

21. Dr. Frank W. Gonzalez helped us with the 
genetic concepts and the manuscript. Pri- 
marily supported by the AEC and the NIH 
project NS 09492-02. G.C.C. has received 
financial aid also from Mrs. Katherine 
Rodgers Denckla and The Charles E. Merrill 
Trust. 

29 November 1971; revised 8 February 1972 * 

References and Notes 

1 . . C. Cotzias, P. S. Papavasiliou, J. Ginos, 
A. Steck, S. Diiby, Annu. Rev. Med. 22, 305 
(1971). 

2. P. S. Papavasiliou, S. T. Miller, G. C. 
Cotzias, Nature 220, 74 (1968). 

3. I. Mena, K. Horiuchi, K. Burke, G. C. 
Cotzias, Neurology 19, 1000 (1969). 

4. M. Lyon, J. Embryol. Exp. Morphol. 3, 
213 (1955). 

5. L. Erway, L. S. Hurley, A. Fraser, Science 
152, 1766 (1966). 

6. G. C. Cotzias, L. C. Tang, J. Ginos, A. R. 
Nicholson, P. S. Papavasiliou, Nature 231, 
533 (1971). 

7. A. A. Britton and G. C. Cotzias, Amer. J. 
Physiol. 211, 203 (1966). 

8. P. S. Papavasiliou, S. T. Miller, G. C. 
Cotzias, ibid., p. 211. 

9. L. S. Maynard and G. C. Cotzias, J. Biol. 
Chem. 214, 489 (1955). 

10. G. C. Cotzias and J. J. Greenough, J. Clin. 
Invest. 37, 1298 (1958); E. R. Hughes, S. T. 
Miller, G. C. Cotzias, Amer. J. Physiol. 211, 
207 (1966). 

11. P. S. Papavasiliou and G. C. Cotzias, J. Biol. 
Chem. 236, 2365 (1961); G. C. Cotzias, S. T. 
Miller, J. Edwards, J. Lab. Clin. Med. 67, 
836 (1966). 

12. G. C. Cotzias, P. S. Papavasiliou, E. Hughes, 
L. Tang, D. C. Borg, J. Clin. Invest. 47, 992 
(1968). 

13. E. J. Underwood, Trace Elements in Human 
and Animal Nutrition (Academic Press, New 
York, 1962), pp. 195-200. 

14. G. C. Cotzias, P. S. Papavasiliou, S. T. 
Miller, Nature 201, 1228 (1964). 

15. M. H. Van Woert, A. Nicholson, G. C. 
Cotzias, Conp. Biochem. Physiol. 22, 477 
(1967). 

16. H. N. Christensen, Fed. Proc. 20, 87 (1961). 
17. G. C. Cotzias and L. C. Tang, unpublished 

observations. 
18. G. C. Cotzias, M. H. Van Woert, L. M. 

Schiffer, N. Engl. J. Med. 276, 374 (1967). 
19. G. C. Cotzias, P. S. Papavasiliou, R. Gellene, 

ibid. 280, 337 (1969). 
20. N. C. Myrianthopoulos, F. N. Waldrop, B. L. 

Vincent, Excerpta Med. Found. Int. Congr. 
Ser. 175 1, 486 (1967). 

21. Dr. Frank W. Gonzalez helped us with the 
genetic concepts and the manuscript. Pri- 
marily supported by the AEC and the NIH 
project NS 09492-02. G.C.C. has received 
financial aid also from Mrs. Katherine 
Rodgers Denckla and The Charles E. Merrill 
Trust. 

29 November 1971; revised 8 February 1972 * 

ing individual neurons has been the 
Golgi method and its variations. This 
has been a powerful tool because a 
small proportion of a neuronal popu- 
lation is stained and those neurons that 
have been stained are filled entirely. 
Although this method gives much cell- 
ular detail and has been extended from 
the light microscopic to the ultrastruc- 
tural level (1), it has the major disad- 
vantage that neurons are stained more 
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or less randomly and that the quality 
of the results can be capricious. 

The correlation of neural structure 
and function was advanced with the 
technique of intracellular injection of 
the fluorescent dye Procion Yellow (2). 
With this and other related dyes, neu- 
rites deep within the neuropil were 
stained in cells whose function had 
been determined by intracellular stim- 
ulation and recording. There are, how- 
ever, some disadvantages with the 
method. The Procion dye is not elec- 
tron-opaque, a fact that precludes ob- 
servations at the ultrastructural level. 
Therefore, the precise determination 
of synaptic contacts on the neurites of 
the identified cells has not been possi- 
ble. We have also found it difficul;t to 
observe the detailed branching pattern 
of nerve processes in whole mounts of 
the insect central nervous system with 
the use of Procion Yellow. Indeed, 
it has been necessary in the insect, 
as well as in most other invertebrate 
preparations, to reconstruct the branch- 
ing pattern of neurites from serial sec- 
tions. Even in this situation, we feel 
that only the major branches are clear- 
ly seen and the finer processes are not 
adequately resolved. We have devel- 
oped an intracellular injection tech- 
nique for neurons which permits the 
direct visualization of finely branched 
neurites in whole mounts viewed with 
bright-field illumination. Processes ap- 
proaching 1 u/m diameter are resolved. 
The dye is also electron-opaque. This 
allows ultrastructural observation of the 
injected cell and its relation to other 
elements of the neuropil. 

Our method uses the reaction of 
cobaltous chloride with ammonium sul- 
fide to form a black precipitate within 
the neuron. It should also be possible 
to use the chlorides of copper, iron, or 
nickel, all of which are soluble and are 
precipitated by ammonium sulfide. 
Neurons were filled with the cobalt 
solution by either the pressure injection 
technique of Remler et al. (3) or by 
iontophoresis. For pressure injection, 
glass micropipettes (tip diameter, 1 to 
2 l/m) were filled with a 1M solution 
of cobalt chloride containing 0.4 per- 
cent Procion Navy Blue H3RS. The 
Procion dye was added so that filling 
of the neuron could be observed as 
cobalt chloride is not sufficiently 
colored to be visible when the dye is 
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Branching of Central Neurons: Intracellular Cobalt 

Injection for Light and Electron Microscopy 

Abstract. Cobalt chloride can be injected into an identified nerve cell body in 

an insect ganglion and reacted with ammonium sulfide to stain the soma and its 

branches with a black precipitate. The stained cell body and its branches through- 
out the neuropil are visible in both the light and electron microscope. In whole 

mount preparations, the resolution of neurites within the neuropil is of a quality 
that permits the comparison of branching patterns between cells and during 
various functional states. 
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quired when the cell is injected by 
iontophoresis because the cell body be- 
comes somewhat opaque with this pro- 
cedure. 

After the solution was infused 
through the soma for 1 to 2 hours the 
preparation was immersed for 20 to 30 
minutes in 10 ml of insect saline con- 
taining approximately 0.05 to 0.1 ml of 
100 percent ammonium sulfide solution. 
The preparation was then washed in 
saline and fixed for 1 hour in 3.5 per- 
cent glutaraldehyde that was brought 
to pH 7.2 with cacodylate buffer. Al- 
though this proved suitable for whole 
mount preparations, the best preserva- 
tion for electron microscopy was ob- 
tained by the following procedure, mod- 
ified from Karnovsky (4): fixation for 2 
hours in a mixture of 4.5 percent para- 
formaldehyde, 1.1 percent glutaralde- 
hyde, and 4.5 percent of 0.15MI phos- 
phate buffer. After ,fixation the material 
was dehydrated and embedded in Epon 
812 of Spurr low-viscosity resin (5). The 
preparation could then be viewed di- 
rectly as a whole mount in the plastic 
block or sectioned for light or electron 
microscopy. 

The best observations with whole 
mount preparations were obtained by 
clearing the tissue in creosote and view- 
ing it mounted in creosote in a shallow 
depression slide. The dehydrating al- 
cohols were buffered with 0.15M phos- 
phate to prevent loss of the stain pre- 
cipitate, which is soluble in acid. No 
postosmication procedure was used, so 
that the stained cell coulld be directly 
observed while thick and thin sections 
were cut. This insured that the dense 
profile observed in ithe sections came 
from a neurite of the stained cell. 

The preparation used in developing 
this technique was the metathoracic 
ganglion of the cockroach Periplaneta 
americana. The ;somata of the larger 
motor neurons have been mapped with 
respect to the nerve trunk through 
which their axons exit from the gan- 
glion (6). Most studies were done on 
cell 28 from this map. When a de- 
sheathed ganglion was viewed with 
properly angled and focused illumina- 
tion, the soma of cell 28 was readily 
identified by its size and consistent re- 
lation to tracheal landmarks. 

We stimulated this cell by passing 
depolarizing current through a micro- 
electrode placed in the soma and ob- 
served twitches in coxal muscles that 
depress the leg. Figure 1 shows an in- 
tracellular recording obtained from 
muscle 179 (7) and evoked by intra- 
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Fig. 1. An intracellular recording from a 
"fast" muscle fiber in the coxal depressor 
muscle 179 (7). The response was evoked 
by a 3-msec intracellular depolarizing 
pulse applied to the soma of cell 28 in 
the metathoracic ganglion. 

cellular stimulation of cell 28. The 
muscle response is that typical for an 
insect "fast" muscle (8). 

The cell body and neurites of cell 
28 stain black when the cobalt salt is 
injected; this is seen in the stereoscopic 
pictures of whole mounts (Fig. 2). The 
branches extend throughout the 1 mm 
depth of the ganglion, from the cell 
body on the ventral surface to very 
near the dorsal surface. The axon is 
seen leaving the ganglion through nerve 
trunk 5. There is remarkable similarity 
in the branching pattern of this cell 
from one preparation to the next. 

It is difficult to record consistent 
electrical activity from the cell body of 
most insect motor neurons. However, 
one group of central neuron somata, 
located in the dorsal medial region of 
all thoracic and abdominal ganglia of 
the cockroach, show large overshoot- 
ing spikes when a microelectrode is 
placed in the cell body (9). We there- 
fore used these dorsal cells for exam- 
ining the optimum concentration of 
cobalt chloride to be used where intra- 
cellular stimulation and recording was 
followed by dye injection into the cell. 
With cobalt chloride at concentrations 
ranging from 1 to 50 mM, it is possible 
to record overshooting action potentials 
from the cell bodies of the dorsal neu- 
rons. The potentials were similar to 
those described by Kerkut et al. (9) for 
these cells and could be recorded for 
more than 1 hour from an impaled 
soma. After the electrical recording, 
we were able to stain the cell success- 
fully by iontophoretic ejection of the 
cobalt salt into the cell body. Positive 
pulses of 5 X 10-8 amp, 0.5 second 
in duration, were delivered one per 
second for a 1-hour period. 

It was essential to determine whether 

Fig. 2. Stereo photographs of the metathoracic ganglion. Cell 28, stained with intra- 
cellular injection of cobalt chloride, is shown. The difference between the viewing 
angles for the photographs is approximately 9?. Observe these pictures through standard 
stereoscopic viewing glasses (11). This is a dorsal view of a whole mount prepara- 
tion. The entire ganglion was immersed in creosote on a depression slide. The cell body 
is seen through the depth of the ganglion, with the initial process running toward the 
dorsal surface. The characteristic medial and lateral branching pattern is apparent 
throughout the depth of the ganglion. The axon traverses the dorsolateral region to 
exit through right nerve 5. The posterior edge of the ganglion is to the left. 
The calibration is 0.5 mm. 
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Fig. 3. (A) Phase micrograph of a 4-utm plastic section of part of the metathoracic ganglion. The lower arrow shows a stained 
nerve process from a cobalt-injected cell, and the upper arrow indicates a fold in a large tracheole. (B) A montage made from 
electron micrographs of a thin section that was cut immediately adjacent to the thick section in A. The lower arrow points to the 
same stained profile shown in A. Note the electron opacity of the nerve process in a cell injected with cobalt. The upper arrow 
indicates the same tracheole fold visible in A. (C) A higher-magnification electron micrograph of the same cobalt-stained profile 
in A and B. Note the electron-opaque, granular appearance of the cytoplasm. 

or not cobalt chloride was able to freely 
cross electrotonic synapses or was con- 
fined primarily to the boundary of the 

injected cell. To test this, we injected 
the lateral giant fiber of the crayfish. 
These giant fibers have a series of seg- 
mentally arranged septa along their 

length which are points of electrotonic 

coupling. Procion Yellow can cross 
these synapses, but its movement is 
more restricted across this junction 
than within the axoplasm (10). After 
cobalt was injected into the lateral 

giant fibers, its movement was pri- 
marily restricted to a single segment. 

In order to determine whether or not 
the cobalt precipitate seen with the 
light microscope was electron-opaque, 
we cut alternate thick 1(4 ,um) and thin 
sections through neurites of the stained 
cell embedded in plastic. This enabled 
us to compare successive sections of a 
stained neurite, one observed by phase 
microscopy and the next, by electron 

microscopy. When viewed by phase 
microscopy, the stained neurite appears 
as a dense structure, clearly delineated 
from other profiles of the neuropil (Fig. 
3A). An adjacent thin section shows 
the ultrastructural appearance of the 
same stained neurite (Fig. 3B). The 
stained profile has a dense granular 
appearance when viewed at high mag- 
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nification in the electron microscope 
(Fig. 3C). The electron-opaque material 
appears confined to a discrete profile 
and is not dispersed into adjacent areas. 

The improved resolution of neural 
branching patterns which is possible 
with this technique has permitted us to 
obtain initial results on the effect of 
partial deafferentation and axotomy on 
the geometry of neurites from cell 28. 
A metathoracic leg was amputated near 
the coxal-body junction. The neurons 
were injected with cobalt 10 days to 5 
weeks after the operation. In the ma- 
jority of cells examined there was a 
marked reduction in the branches 
stained within the neuropil. The soma 
and the initial process leaving it 
stained a dense black in these ex- 

perimental cells. The characteristic ex- 
tensive lateral and medial neuropil 
branches, so evident in the normal cell 
28 ,(Fig. 2), were not visible in the ex- 

perimental cells when they were viewed 
in whole mount. The absence of stain- 
ing in the major neuropil branches of 
cell 28 under these conditions could be 
due to a breakdown or retraction of 
these processes. Another possibility is 
a change in the internal transport 
mechanisms that might affect the dis- 
tribution of the injected cobalt chlo- 
ride. This technique should be useful 

for investigating the degree to which 
neuronal geometry is open to modifica- 
tion under different functional condi- 
tions. 
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