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Abstract. Explant of trigeminal ganglia neurons in 
adult rats induces perineuronal glial proliferation of 
primarily satellite cells as opposed to Schwann cells. 
This proliferation begins at 15 h after explant culture 
and by 27 h there is a significant increase in glial 
proliferation as measured by scintillation counts of 
[3H]thymidine. Blocking protein synthesis between 0 
and 3.5 h after explant culture (early) results in an en- 
hanced proliferative response, while blocking protein 

synthesis between 3.5 and 7 h (late) causes a complete 
block of the proliferative response assessed at 27 h. 
Conditioned media experiments demonstrate that both 
the mitogenic and inhibitory signals are diffusible and 
heat labile. Finally, the addition of  neurotrophic fac- 
tors to rescue injured ganglionic neurons attenuates 
the proliferative glial response suggesting that injured 
neurons produce and release signals that induce glial 
proliferation. 

OTOMY induces morphological and biochemical changes 
in the neuronal cell body collectively known as the 
axon reaction (Lieberman, 1971, 1974; Grafstein 

and McQuarrie, 1978; Kreutzberg, 1982). The reaction of 
injured peripheral neurons can be classified into two general 
categories: regenerative or degenerative. The regenerative 
state is exemplified by the heightened tendency for neurons 
to grow after peripheral or central axotomy (McQuarrie et 
al., 1977; Richardson and Issa, 1984; Richardson and Verge, 
1987). The degenerative state is typified by downregulation 
of certain proteins (Rotter et al., 1977; Tessler et al., 1985; 
Hoffman et al., 1987; Tetzlaff et al., 1988), neuronal atrophy 
and cell death (Aldskogius et al., 1978). Although the sig- 
nals that trigger the various reactions in the cell body are not 
well understood, factors such as the type and proximity of 
the lesion affect the severity of the response (Lieberman, 
1974). In sensory ganglia, these changes can be counteracted 
by the addition of exogenous growth factors (Otto et al., 
1987; Rich et al., 1987) or upon reinnervation of the target 
(Rich et al., 1989). 

Another response that accompanies the retrograde changes 
seen in axotomized neurons in both the central and periph- 
eral nervous systems is the proliferation of perineuronal glial 
cells (Cammermeyer, 1965; Sj6strand, 1965; Watson, 1965; 
Torvik and Skjfrten, 1971). In the central nervous system, 
microglial cells proliferate after either axotomy or an injec- 
tion of neurotoxin such as ricin (Pubols and Foglesong, 
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1988; Streit and Kreutzberg, 1988; Morshead and van der 
Kooy, 1990). Proliferating glial cells have the potential to 
phagocytize debris in the injured area (Pellegrino et al., 
1986; Stoll et al., 1989) and to release growth factors that 
aid in the process of neuronal recovery (Politis and Miller, 
1985; Lu et al., 1991). In autonomic or dorsal root ganglia, 
there are a number of instances when satellite glial cells 
proliferate: during development (Altman and Bayer, 1982; 
Lawson et al., 1974; Hall and Landis, 1992), during injury 
(Humberston et al., 1969, Pubols and Foglesong, 1988; Lu 
and Richardson, 1991), in pathological states (Hanker, 1976; 
for review see Prineas and Spencer, 1975), after repeated 
stress (Dropp and Sodetz, 1971), and after electrical stimula- 
tion of preganglionic nerve fibers (Schwyn, 1967). Identifi- 
cation of the signals which trigger gfial proliferation after in- 
jury may shed light on the events which lead to the induction 
of satellite cell proliferation under all the above conditions. 

An important neuronal-glial signaling mechanism that has 
not been clearly elucidated is the induction of glial prolifera- 
tion after neuronal injury. We are studying a sub-population 
of satellite cells that proliferate and are not labeled with glial 
markers (Glial fibrillary acidic protein, Wmaentin, and S-100) 
when neurons of the trigeminai ganglion are explanted.~ To 
gain insight into the signaling mechanisms between injured 
neurons and their resident glial cells, an explant culture sys- 
tem was used. This explant system has the advantage of 
eliminating the influence of blood cells that are normally 
present during the injury process (Perry et al., 1987; Stoll 
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et al., 1989). Blood cells invading the injury site in vivo con- 
taminate the analysis of the reaction of the endogenous popu- 
lation of glial cells in response to injury. Explant cultures 
also have the advantage of preserving the in vivo structure 
of the ganglion. It is likely that the maximum response to in- 
jury will be seen after both peripheral and central branch ax- 
otomy (as in explant cultures); axotomizing either branch 
alone produces partial effects (Lieberman, 1974; Perry et 
al., 1983). The major goal of this study was to ask about 
the nature of the signal, when and where the signal for 
injury-induced glial proliferation is produced. Second, we 
sought to determine whether neurotrophins such as NGF or 
brain-derived neurotrophic factor (BDNF) 2 inhibit explant- 
induced glial proliferation. 

Materials and Methods 

Surgery 
Adult male Charles River rats (250-300 g) were anesthetized with a 0.2 ml 
injection (i.p.) of Sodium Pentobarbitol (65 mg/kg), and then decapitated. 
The trigeminal ganglion on both sides of the head was removed (under ster- 
ile conditions) by first peeling off the overlying dura mater and then cutting 
the ophthalmic, maxillary, and the mandibular peripheral branches as they 
leave the skull. The central branch of the trigeminal ganglion was cut at a 
point parallel to the posterior aspect of the pituitary gland. After removing 
the ganglia, they were immediately placed in preheated serum-free medium 
(described below). The tissue capsule and the surrounding blood vessels 
were then carefully and quickly removed under a dissecting microscope. 
The ganglia were then placed in their respective sterile petri dishes (two 
ganglia per dish) containing 3 ml of serum-free media in an incubator set 
at 37°C and 5.0% COx. 

Tissue Culture 
Ganglia were cultured in serum-free medium which contained 80% DME 
(GIBCO BRL, Gaithersburg, MD), 20% Ham's F-12 (Sigma Chemical Co., 
St. Louis, MO) and [3H]thymidine (47 Ci/mmol; Amersham Corp., Ar- 
lington Heights, IL) which was diluted down to a final concentration of 
2 tzCi/ml. An insulin-transferrin-sodium selenite medium supplement (Sig- 
ma Chemical Co.) and a Penicillin, Streptomycin, and Neomycin antibiotic 
mixture (G1BCO BRL) were added to the serum-free medium and diluted 
to 1% before use. Cycloheximide cultures contained 1 pg/ml of cyclohex- 
imide (Sigma Chemical Co.). This was diluted from a 10 mg/ml stock solu- 
tion of cycloheximide dissolved in 100% ethanol. To remove cycloheximide 
from cultures, sanslia ware put through three 5-rain washes, each consisting 
of placing exposed ganglia to preheated serum-free medium while mixing 
intermittently. NGF (50 ng/ml) (Sigma Chemical Co.) and BDNF (50 ng/ 
mi) (Regeneron Pharmaceuticals Inc., Tarrytown, NY) ware predlluted in 
serum-free medium before the addition of two ganglia to each petri dish. 

Conditioned Media 
Conditioned medium was prepared by placing two axotomized ganglia in 
3 ml of serum-free media at the proper incubation conditions. Collection 
of medium which contained the inhibitory signals was accomplished by al- 
lowing two explanted ganglia to incubate for the first 3.5 h in culture. After 
this time, they were removed and immediately replaced with two freshly ex- 
planted ganglia" These ganglia were left for an additional 27 h in the pres- 
ence of [3H]thymidine before the tissue was processed. 

Conditioned medium containing the mitogenic signal was obtained by 
placing two ganglia in 3 ml of  serum free medium for a total of 27 h. After 
this time, they ware removed and replaced with two freshly explanted gan- 
glia. Another 27 h of incubation in the presence of [3H]thymidine was al- 
lowed to elapse before the ganglia were processed. The effects of 0--48 h 
conditioned medium (collected between 0--48 h after injury) on [3H]thymi- 
dine incorporation was also assessed. In additional experiments, a single 
ganglion was cultured in conditioned medium collected from four ganglia 
or one ganglion preparation to look for an effect of concentration. 

2. Abbr~iations used in this paper: BDNF, brain-derived neurotrophic fac- 
tor; GGF, glial growth factor. 

Heating Conditioned Media 
Conditioned medium containing both the inhibitory and the mitogenic sig- 
pals ware collected as stated above and subjected to heat treatment. The two 
types of conditioned medium ware placed in different test tubes and heated 
at 65°C in a hot water bath for a period of 1 h. After cooling the media 
back to 37°C, two freshly expianted ganglia per petri dish ware placed in 
the heat-treated media. The ganglia in these cultures were left to incubate 
for 27 h in the presence of [3H]thymidine. 

ITssue Preparation and Scintillation Counting 
Ganglia were removed from the tissue culture medium after the appropriate 
incubation time and placed in ependorff tubes. They were stored at -20°C 
before tissue processing. Each ganglion was thawed and its wet weight 
recorded. After mechanical dissociation with tweezers, each ganglion was 
placed in a 10-ml conical test tube containing 1 ml of an enzyme solution 
containing 0.25% trypsin, and 0.125% collagenase (Sigma Chemical Co.) 
in 0.1 M PBS, pH 7.2. The test tubes were stored in an incubator overnight 
at 37°C for enzymatic dissociation. The test robes were then vortexed at 
high speeds until all the contents within the tube were pulverized and sus- 
pended. A 1% SDS solution was added to the tubes until a final volume of 
4 ml was reached. The mixture was then mixed thoroughly using a vortex. 
All the tubes were spun down in a centrifuge at 100 g for 1 min to pellet 
any remaining particles that were not dissolved. Duplicate samples for each 
time point were prepared by pippeting 30-t~l samples onto 1.5-cm glass 
micro filter paper (Ahlstrom Filtration Inc., Mt. Holly Spring, PA). After 
drying, the samples were put through a 1U.A precipitation by running sam- 
pies through a series of sointions (10 rain each) in the following order: 10% 
TCA, 5 % TCA (both dissolved in 0.1 M PBS), 95 % ethanol, and 95 % etha- 
nol. The samples were then dried completely before putting them into glass 
vials containing 10 mi of scintillation flUid (Aquasol Universal LSC Cock- 
tail for Aqueous Samples; NEN Research Products, Boston, MA). The 
vials sat for 1 h before they were counted for [3H]thymidine on a Beck- 
mann LS 1800 scintillation counter (Beckman Instr. Inc., Fullerton, CA). 
Background radiation counts were obtained by placing unprocessed 
microglass filters into 10 rnl of scintillation fluid and counted with ex- 
perimentai samples. 

BrdU and pH]thymidine Double Labeling 
Explanted ganglia were placed in culture containing 3 ~g/mi of bromo- 
deoxyuridine (BrdLD (Sigma Chemical Co.) for the first 34 h after injury. 
The same ganglia were then immediately transferred to a culture containing 
[3H]thymidine diluted to 2 ~Ci/ml. These ganglia were then allowed to in- 
cubate for another 14 h before the ganglia were removed at 48 h, frozen, 
and processed for both BrdU and [3H]thymidine labeling. 

[3H]thymidine Autoradiography and BrdU Processing 
Ganglia ware cultured in serum-free culture medium containing either 
[3H]thymidine or BrdU and then placed in a solution containing 20% su- 
crose in 10% formalin for 24 h. Sections (5/an) ware cut on a cryostat at 
- 2 0 o c  and mounted on microscope slides coated with 3-aminopropyltri- 
ethoxysiiane (Sigma Chemical Co.). Before BrdU processing, sections ware 
washed in 3% H202 in methanol for 10 rain and then rinsed in 100% etha- 
nol to remove endogenous peroxidases. These sections ware incubated in 
0.7 N NaOH for 10 rain and washed in 0.1 M PBS for 30 s. Sections were 
then incubated for 1 h in a primary monoclonal antibody 1:50 (diluted in 
normal horse serum) directed against single stranded DNA containing 
BrdU (Becton-Dickinson, Mountain View, CA). After three 5-rain washes 
in 0.1 M PBS, sections were incubated in a biotinylated horse anti-mouse 
IgG (Cappel Laboratories, Maivern, PA) at 1:50 for 1 h. After another three 
5-min washes, sections were incubated with streptavidine-hurseradish per- 
oxidase conjugate (GIBCO BRL) at 1:62.5 for an additional hour. After a 
final three 5-min washes, sections were soaked in a solution of DAB (Sigma 
Chemical Co.) at a concentration of 1 mg/mi. Sections ware allowed to sit 
in this solution for ,ol.5 rain after the addition of 0.017% of H202. After 
BrdU processing, sections were defatted in xylene and dehydrated in in- 
creasing concentrations of aicohol. Sections ware processed for [3H]thymi- 
dine autoradingrapby by dipping the slides in liquid emulsion (NTB-2) and 
allowing 5 wk of exposure in the dark. Finally, the sections were counter- 
stained with Nissl and coverslipped with glycerol:water (10:1). 

Quantification of Cell Counts 
Sections from four ganglia containing all three trigeminal cell body regions 

The Journal of Cell Biology, Volume 124, 1994 1006 



Figure L Autoradiographs of adult trigeminal ganglion sections 3 h 
(.4) and 27 h (B) after injury and explant culture. Arrows show sat- 
ellite cells that have incorporated [3H]thymidine. There are in- 
creased numbers of satellite cells labeled at 27 h after injury. 
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Figure 2. [3H]thymidine incorporation in trigeminal ganglia cul- 
tured in the presence and absence of cycloheximide (1 txg/ml) for 
various periods. Control ganglia (control) were cultured for 3 
(n = 7 ganglia) and 27 h (n = 8) after injury. In the cycloheximide 
control condition (cyc/o control), ganglia were incubated in the 
presence of continuous cycloheximide for 3 (n = 8) and 27 (n = 
8) h after injury. In the 0-13.5-h cycloheximide condition (0-13.5 
cycto) (n = 8), ganglia were exposed to cycloheximide for the first 
13.5 h of the 27-h explant culture period. After the ganglia were 
rinsed, they were placed back into a culture in the absence of cyclo- 
heximide. In the 13.5-27 h eyeloheximide condition (13.5-27 h ey- 
clo) (n = 8), ganglia were exposed to cycloheximide from 13.5 h 
after injury until the end of the 27 h culture period. All cultures 
contained [3H]thymidine continuously. Bars represent means + 
SEMs. 

were selected for counting. The number of sections counted for each of the 
four ganglia were 12, 14, 16, and 12, respectively. Every glial cell labeled 
with a proliferation marker (both in the cell body and the fiber tract region) 
was counted on each section. Labeled cells were separated on the basis of 
their location: either in the cell body or fiber tract regions. Only cells within 
three glial cell diameters of a neuronal cell body were considered to be satel- 
lite ceils, while the other gllal ceils were scored as fiber tract cells. Within 
each region, ceils were scored as possessing either [3H]thymidine, BrdU, 
or both proliferation markers. [3H]thymidine-positive gllal cells were 
scored if grain counts were five times greater than above a similar area of 
background tissue, while BrdU-positive glial cells were easily scored by 
their dark DAB staining compared with the background staining of the tis- 
sue. The data represent labeled cells as a percentage of the total cells within 
either the cell body or the fiber tract regions. Data for each cell type are 
expressed as average percentages per section of labeled cells out of the total 
number of glial cells in either the ceil body or fiber tract regions. The total 
number of glial ceils per section from each ganglion was obtained by count- 
ing all the glial cells in representative sections from each ganglion. 

Results 

Satellite Cells in Explanted Trigeminal 
Ganglia Show Both a Morphological Change and 
a Proliferative Response 

Injury was induced by explant culture of the adult tr igeminal 
ganglion. After  27 h in explant culture, two injury induced 
changes are noticeable: a morphological  change and an 
injury-induced glial cell proliferation. At 0 or  3 h after in- 
jury, perineuronal satellite cells appear as flattened, encap- 
sulating cells with a very low proliferation rate (Fig. 1 A). 

By 27 h after injury, satellite ceils moved away from the neu- 
ronal cell bodies, took on a more spherical appearance,  and 
a larger number showed [3H]thymidine labeling than at 3 h 
after injury (Fig. 1 B).  Neuronal cell bodies were never la- 
beled with [3H]thymidine in the trigeminal explant cultures. 
A very low baseline [3H]thymidine incorporation prolifera- 
tive response, not significantly different from background 
scintillation counts (t(6) = 1.4; P > 0.05) was seen at 3 h af- 
ter injury. However, by 27 h there was a significant increase 
(t(10) = 5.1; P < 0.05) from 0.38 + .02 cpm/#g of  tissue at 
3 h to 1.58 + 0.17 cpm/#g of  tissue at 27 h. This increase 
in [3H]thymidine incorporation has been shown to start  at 
15 h after injury. ~ However, 27 h is not the peak response, 
since extending culture times to 48 h produces a significant 
increase over 27 h in the amount of  [3H]thymidine incorpo- 
ration to 7.85 + 0.41 cpm/#g of tissue (t(10) = 18.6; P < 
0.05). 

Ganglia Incubated in the Presence of  Cycloheximide 
for 27 h Show Complete Suppression of  Proliferation 

To determine whether protein synthesis was necessary for 
the induction of glial proliferation, cycloheximide (1 #g/ml) 
was added to cultures for the entire culture time (either 3 or  
27 h). Little glial proliferation was seen in either the pres- 
ence or absence of  cycloheximide at 3 h after injury. How- 
ever, in the presence of  cycloheximide, glial proliferation at 
27 h after injury was total ly suppressed compared with the 
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Figure 3. (Left) The cycloheximide-sensitive 
window can be further narrowed to the first 7 h 
after injury. Control ganglia (control) were 
cultured in the absence of cyeloheximide for 3 
and 27 h. The 0-7 eyelo group ganglia were ex- 
posed to cyeloheximide for only the first 7 h of 
the 27-h explant culture period. (n = 4, 8, and 
8 ganglia from left to fight in the three groups 
on the left of the graph). (RighO Different tem- 
poral exposures of cyclobeximide produce op- 
posite effects on proliferation. The 0-27 h no 
cyclo (n = 12) and 0-27 cyclo (n = 12) ganglia 
were cultured for 27 h in the absence and in the 
presence of eyclobexirnide, respectively. In the 
0-3.5 h cyclo condition (n = 16), ganglia were 
cultured in the presence of cycloheximide for 
only the first 3.5 h of the 27-h explant culture 
period, while in the 3.5-7-h cyclo condition (n 
= 12) ganglia were exposed to cycloheximide 
only during the 3.5-7-h period after injury and 
then rinsed before the continued culture until 
27 h after injury. All cultures contained 
[3H]thymidine continuously. Bars represent 
means + SEMs. 

proliferation seen in the absence of cycloheximide after 27 
h (Fig. 2). A two-way ANOVA on the [3I-I]thymidine incor- 
poration values revealed a significant interaction between 
culture time (3 or 27 h) and the absence or presence of cyclo- 
h e x i m i d e  (F1,27 = 19.4, P < 0.05). Given that cyclohexi- 
mide acts on both neurons and glia in explant cultures, it is 
possible that rather than blocking synthesis of an injury sig- 
nal in neurons, the cycloheximide is blocking the synthesis 
of proteins in glial cells necessary for DNA synthesis. In an 
attempt to differentiate between these possibilities, cyclohex- 
imide exposure was limited to either the first or the last 
13.5 h of the 27-h explant culture period. A time course 
study I has revealed that DNA synthesis in glial cells does 
not begin until at least 15 h into the 27-h explant culture 
period. This finding allows us to ask whether glial ceils can 
undergo DNA synthesis in the presence of cycloheximide 
during the last 13.5 h of the 27-h culture period. The results 
show that once satellite cells are induced to proliferate in the 
first 13.5 h, they can take up [3H]thymidine in the presence 
of cycloheximide in the last 13.5 h of the culture period (Fig. 
2). The [3I-I]thymidine incorporation seen in cultures in 
which the application of cycloheximide was restricted to the 
latter 13.5-h period is not significantly different from that in 
untreated 27 h control cultures (t(14) = 1.0; P < 0.05). How- 
ever, limiting cycloheximide to the first 13.5 h produced the 
same effects on proliferation as continuous cycloheximide 
cultures; total suppression of [3H]thymidine uptake com- 
pared with untreated 27-h control explant cultures (t(14) = 
4.2; P < 0.05). 

Blocking Protein Synthesis Reveals Two 
Components of the Prohferative Response within 
the l~'rst 7 h of Injury 
The previous experiment revealed that blocking protein syn- 
thesis from 0-13.5 h in culture totally suppressed the 
proliferative response seen at 27-h in explant culture. This 
protein synthesis-sensitive window can be narrowed further. 

Cycloheximide (cyclo) exposure for 0-7 h of the 27-h explant 
culture period completely blocked the injury-induced glial 
proliferative response. The 0-7 h cyclo groups showed 
significantly less (t(14) = 3.8; P < 0.05) [3H]thymidine in- 
corporation after 27 h compared with a 27-h control group. 
Indeed, incorporation by the 0-7 h cyclo group was not 
significantly different from 3-h controls (t(10) = 1.5; P > 
0.05) (Fig. 3, left). Exploring this 7-h period further revealed 
the existence of two windows in which blocking protein syn- 
thesis produces opposite effects on glial proliferation. Block- 
ing protein synthesis in the first 3.5 h after explant culture 
(0-3.5 h cyclo) resulted in a significantly enhanced prolifera- 
tive response at 27 h compared with control ganglia cultured 
in the absence of cycloheximide for 27 h (0-27 h no cyclo) 
(t(26) = 2.6; P < 0.05) (Fig. 3, right). However, blocking 
protein synthesis only between 3.5 and 7 h produced a sup- 
pressed proliferative response when assessed at 27 h com- 
pared with control ganglia cultured in the absence of cyclo- 
heximide for 27 h (t(22) = 4.7; P < 0.05). The inhibition of 
proliferation in the 3.5-7-h cyclo group was not significantly 
different from the inhibition seen after continuous cyclohexi- 
mide exposure for the same 27-h period in the 0-27 h cyclo 
group (t(22) = 0.7; P > 0.05). 

Conditioned Medium Reveals the Diffusible Nature 
of the Signals 
Conditioned medium experiments were designed to inves- 
tigate whether the inhibitory and mitogenic glial prolifera- 
tion signals are diffusible or membrane bound. Conditioned 
medium collected at appropriate times reproduced the mito- 
genic and inhibitory effects on glial proliferation (Fig. 4) as 
predicted from the cycloheximide experiments. The effects 
of conditioned medium collected from cultures that were ex- 
posed for the first 3.5 h or for the full 27 h after injury were 
compared with unconditioned medium. A one-way ANOVA 
revealed a significant effect of the type of media used during 
culturing on [3H]thymidine incorporation (F2.~, = 52.6, P < 
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Figure 4. Effects of conditioned media on glial cell proliferation. 
Control ganglia were cultured for 3 (n = 8) and 27 h (n = 20) after 
injury. In the 0-3.5-h CM condition (n = 12), ganglia were cultured 
for 27 h in conditioned media collected between 0 and 3.5 h after 
injury. In the 0-27-h CM condition (n = 10), ganglia were cultured 
for 27 h in conditioned media collected between 0 and 27 h after 
injury. All cultures contained [3H]thymidine. Bars represent 
means + SEMs. 

0.05). Ganglia cultured for 27 h in conditioned medium col- 
lected between 0 and 27 h after injury showed a significant 
increase in [3H]thymidine incorporation when compared 
with a 0-27-h unconditioned control group (Newman Keuls; 
P < 0.05). However, ganglia cultured for 27 h in conditioned 
medium collected between 0 and 3.5 h after injury showed 
a significant suppression of [aH]thymidine incorporation 
when compared with a 0-27-h unconditioned control group 
(P < 0.05). This suppressed proliferation was still signifi- 
candy higher than a control group cultured in unconditioned 
medium for 3 h (t(22) = 2.8; P < 0.05). The 0-27-h condi- 
tioned medium may also contain the inhibitory factor, but 
the net effect that is seen is enhanced glial proliferation. This 
suggests that the mitogenic factor is somehow overcoming 
the suppressive effects of the inhibitory factor. 

To ask if the increased induction of glial proliferation seen 
after 48 h compared with 27 h in culture was simply a re- 
sponse to a higher and growing concentration of the same 
mitogen acting at 27 h, several types of conditioned media 
were compared. First, we assessed the effects of conditioned 
medium collected between 0 and 27 h from one versus four 
ganglia on [3H]thymidine incorporation. Ganglia cultured 
for 27 h in conditioned medium collected from four ganglia 
did not show significantly greater [3I-I]thymidine incorpora- 
tion than ganglia cultured in conditioned medium collected 
from one ganglion (t(6) = 1.0; P > 0.05). We assume that 
these conditioned media effects on glial proliferation are 
supramaximal, although experiments to dilute out the effects 
were not done. Second, we compared ganglia cultured in 
conditioned media collected between 0--48 h and 0-27 h with 
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Figure 5. Both mitogenic and inhibitory signals on proliferation are 
heat labile. The inhibitory (collected between 0 and 3.5 h) and the 
mitogenic media (collected between 0 and 27 h) were heaW, d at 
65°C for 1 h before culturing. Bars represent + SEMs (n = 4, 4, 
4, 8, 12, and 12 ganglia, from left to right). 

ganglia cultured for 27 and 48 h in unconditioned media. In 
addition to testing the mitogen concentration idea, this ex- 
periment also speaks to the idea of a putative second diffusi- 
ble glial mitogen that may be responsible for the significant 
increase in [3H]thymidine incorporation seen at 48 h. As 
seen previously, ganglia cultured in conditioned medium 
collected between 0 and 27 h showed a significant increase 
in the amount of [3H]thymidine incorporation when com- 
pared with the 27-h tmconditioned control group (t(6) = 3.3; 
P < 0.05). However, there were no statistically significant 
differences between the 0-48-h conditioned group and the 
0-27-h unconditioned control group (t(6) = 0.6; P > 0.05). 
These results suggest that the increase in glial proliferation 
seen after 48 h in culture does not depend on increasing con- 
centrations of the same mitogen or another diffusible glial 
mitogen. 

Heating Conditioned Medium Abolishes Their Effects 
on Proliferation 

The conditioned medium experiments showed that both the 
mitogenic and inhibitory signals are diffusible. To ask if both 
of these signals are proteins, conditioned media collected be- 
tween 0-3.5 and 0-27 h after injury were heated at 65°C for 
1 h before experimental culturing. Heating destroyed both 
the mitogenic and inhibitory signals, suggesting the diffusi- 
ble factors are proteins. First, the mitogenic signal was as- 
sessed by investigating the effects of three different types of 
media (unconditioned control, 0-27 h conditioned and heat- 
treated 0-27 h conditioned) on [3H]thymidine incorporation 
(Fig. 5, left). A one-way ANOVA revealed a significant effect 
of the type of media used (F2.n = 15.8, P < 0.05). Ganglia 
cultured in 0-27-h conditioned medium showed significantly 
more [3H]thymidine incorporation than the 0-27-h uncondi- 
tioned control group (Newman Keuls; P < 0.05). However, 
ganglia cultured in heat-treated conditioned medium showed 
a significant reduction in pH]thymidine incorporation corn- 
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Figure 6. Effects of trophic factors on injury 
induced glial proliferation in axotomized 
trigeminal ganglia. Control ganglia were 
cultured for 3 (n = 12) and 27 h (n = 12) 
after injury. In NGF cultures, ganglia were 
exposed cultures containing 50 ng/ml of 
NGF for 3 (n = 12) and 27 h (n = 12). In 
BDNF cultures, ganglia were exposed to 
50 ng/ml of BDNF for 3 (n = 3) or 27 h 
(n = 4). All cultures contained [3H]thy- 
midine continuously. Bars represent means 
+ SEMs. 

pared with the 0-27-h conditioned medium group (P < 0.05). 
Indeed, this reduced incorporation of [3H]thymidine was 
not significantly different from that observed in the 0-27-h 
unconditioned control group (P > 0.05). Thus, the mitogenic 
effect of 0-27-h conditioned medium was totally abolished 
after heat treatment. 

Second, the inhibitory signal was similarly investigated by 
heating conditioned medium collected between 0 and 3.5 h 
after injury before experimental culturing for 27 h (Fig. 5, 
right). A one-way ANOVA revealed a significant effect of me- 
dia type (unconditioned control, 0-3.5-h conditioned and 
heat-treated 0-3.5-h conditioned) on [3H]thymidine incor- 
poration (F2.27 = 8.56, P < 0.05). Ganglia cultured in con- 
ditioned medium collected between 0 and 3.5 h after injury 
showed significantly less [3H]thymidine incorporation com- 
pared with a 0-27-h unconditioned medium control group 
(Newman Keuls; P < 0.05). Heat treatment of this condi- 
tioned medium significantly increased the [3H]thymidine 
incorporation by ganglia compared with those cultured for 
27 h in 0-3.5-h conditioned medium (P < 0.05). Moreover, 

this heat induced increase in [3H]thymidine incorporation 
was not significantly different from that seen in the 0-27-h 
control group (P > 0.05). 

Exogenous Neurotrophins Attenuate the 
Proliferative Response 

The origin of the signal causing glial proliferation is un- 
known. However, given that the initial glial proliferation is 
anatomically localized around neuronal cell bodies at 27 h 
in vitro, it is reasonable to hypothesize that injured neurons 
provide the signal for glial proliferation. To test this hypothe- 
sis, trophic support for the neurons in explant culture was 
provided by adding exogenous neurotrophins (NGF and 
BDNF). After ganglia incubation times of 3 or 27 h in the 
presence of either growth factor, scintillation counts were 
obtained and compared with those obtained from control 
ganglia cultured in the absence of growth factor for the same 
amount of time. Dose-response curves using 25, 50, 100, and 
500 ng/ml of either NGF or BDNF showed that the greatest 

Table I. The Numbers of Proliferating Glial Cells Expressed as Mean Percentages per Section of All Glial 
Cells at 48 h in Culture 

Cell body Fiber tract 

[3H]thymidine 
[3H]thymidine BrdU + BrdU [3H]thymidine BrdU 

Number 
of 

[3H]thymidine counted 
+ BrdU sections 

Ganglia 1 0.026 ± 0.0002 0.0028 + 0.00037 0.0047 + 0.00092 0.0026 + 0.00029 0.00046 + 0.000062 0.00055 + 0.00018 12 
Ganglia 2 0.034 + 0.0095 0.0012 + 0.00044 0.0100 + 0.00320 0.0042 + 0.00067 0.00086 + 0.000220 0 .00150:1:0 .00028 14 
Ganglia 3 0.019 -]- 0 .0026 0.0052 + 0.00099 0.0140 + 0.00230 0.0017 + 0.00034 0.00093 ± 0.000220 0.00320 -t- 0.00019 12 
Ganglia 4 0.029 + 0.0021 0.0034 + 0.00053 0.0056 ± 0.00110 0.0036 + 0.00062 0.00059 + 0.000095 0.00069 5- 0.00014 16 

Means  0.027 + 0.0036 0.0032 + 0.00095 0.0086 + 0.00250 0.0030 + 0 . ~  0.00071 5- 0.000130 0.00150 + 0.00070 54 

Values represent the number of labeled glial cells expressed as mean percentages per section of all of the Nissl-stained glial cells found either in the cell body 
or fiber tract region after 48 h in explant culture. Only sections (5/xm) which contained all three cell body regions were counted. Trigeminal ganglia were incubated 
in cultures containing BrdU (early proliferation marker) for the first 34 h, and then transferred to cultures containing [3H]thymidine (late proliferation marker) 
until 48 hat ter  injury. Double-labeled cells ([3H]thymidine and BrdU) represent single glial cells that proliferate twice (both early and late in the 48-h culture 
period). Values represent mean percentages + SEMs. 

The Journal of Cell Biology, Volume 124, 1994 1010 



suppressive effects of either growth factor on pH]thymidine 
incorporation over 27 h in culture were seen with 50 ng/ml 
(data not shown). Both NGF and BDNF reduced the glial 
proliferative response seen in the 27-h cultures (Fig. 6). A 
two-way ANOVA of pH]thymidine incorporation revealed a 
significant interaction of culturing for 3 h versus 27 h with 
the absence or presence of growth factors (F2.49 = 5.5, P < 
0.05). At 3 h after injury, minimal glial proliferation was 
seen in the presence of either NGF or BDNF or in their ab- 
sence. However, a reduction of pH]thymidine incorpora- 
tion at 27 h after explant culture was seen with the addition 
of either NGF or BDNF (Newman Keuls; P < 0.05) com- 
pared with the 27 h control cultures. Although [3H]thymi- 
dine incorporation after 27 h in BDNF was slightly less in 
NGF, this difference did not reach statistical significance 
(P > 0.05). We believe that NGF is acting specifically on 
neurons (and not satellite cells) since only a sub-population 
of neurons in the trigerninal ganglion and not satellite cells 
express the trk A receptor (Verge et al., 1992). However, it 
is not clear at this point whether in addition to neuronal ex- 
pression, some satellite cells in the ganglion also express trk 
B mRNA. (Verge, V. M. K., personal communication). 
These results demonstrate that providing trophic support to 
axotomized neurons can reduce the glial proliferative re- 
sponse. 

Double Labeling Reveals Three Different 
Sub-populations of Proliferating Satellite Cells 
We examined whether the increased proliferation seen after 
48 h in culture compared with shorter culture times repre- 
sented the continued division of one population of cells or 
the division of additional populations. Ganglia were initially 
incubated in a culture containing BrdU for the first 34 h after 
injury and then transferred to a culture containing [ffl]thy- 
midine until 48 h. The data shows that there are at least three 
populations of satellite cells that can be distinguished (Table 
I): an early labeled population that entered S phase once 
(BrdU only), a population that entered S phase twice (double 
labeled), and a relatively large population that entered S 
phase after 34 h in culture and hence only possess the late 
proliferation marker ([3H]thymidine only). The majority of 
proliferating cells are localized around neuronal cell body as 
opposed to fiber tract regions, as revealed by the significant 
main effect of location (F~,~8 = 71.0, P < 0.05) in the two- 
way ANOVA comparing the location and types of labeled 
cells. The predominant type of labeled cell seen possesses 
only the late proliferation marker (pH]thymidine) as re- 
vealed by the main effect of labeled cell types (F2.~8 = 35.5, 
P < 0.05). Thus the largest number of labeled cells are those 
cells that incorporated pH]thymidine only after 34 h after 
injury. There was also a significant interaction between the 
types of labeled cells and the region they are found in (F2,~s 
= 24.4, P < 0.05). This interaction reflects the especially 
large increase in the number of [3I-I]thymidine labeled cells 
found in the cell body region compared with the fiber tract 
region. This result suggests a particularly large population 
of satellite cells proliferating in the neuronal cell body region 
only during the latest stage of the 48-h culture period. It 
should also be noted that the majority of proliferating fiber 
tract cells are restricted to the regions near the cut stumps 
of the trigeminal ganglion. 

Discussion 

Injury of the trigeminal ganglion causes the proliferation of 
satellite glial cells. The proliferation kinetics of these cells 
shows that glial cells do not enter S phase for at least 15 h 
after explant culture.~ This lag period may indicate the time 
needed for the production and the release of proteins mito- 
genic for satellite glial cells. To test this idea, the protein syn- 
thesis inhibitor cycloheximide was used to block the pro- 
duction of any putative mitogen, and hence block the glial 
response. The present experiments revealed that blocking 
protein synthesis continuously for 27 h in culture completely 
eliminates the glial response due to explant culture. There 
are, however, several interpretations of this data. First, it is 
possible that blocking neuronal protein synthesis blocks the 
production of a mitogen for satellite glial cells and thus sup- 
presses any glial response. Second, it is also possible that the 
addition of cyclnheximide prevented injured neurons from 
cell death (Martin et al., 1988) and therefore prevented satel- 
lite glial cell proliferation. Finally, because beth neuronal 
and glial protein synthesis are blocked, the resulting sup- 
pression of glial proliferation may be due to a direct block 
of glial protein synthesis. The importance of protein synthesis 
for the production of cyclins and the importance of cyclins 
for progression through the cell cycle are well documented 
(Girard et al., 1991; Nurse, 1990; Swenson et al., 1989). 
Limiting cycloheximide to the first 13.5 h in culture (a period 
when no glial proliferation occurs) completely suppressed the 
incorporation of [3H]thymidine when assessed 27 h after 
explant culture. However, adding cycloheximide to cultures 
between 13.5 and 27 h does not significantly suppress prolif- 
eration when assessed at 27 h, suggesting that glial cells can 
incorporate [3H]thymidine during S phase in the presence 
of cycloheximide once they have been induced to re-enter the 
cell cycle. Taken together, these results indicate that protein 
synthesis is important in the first 13.5 h of the culture period 
for the induction of the glial response, possibly for the neu- 
ronal synthesis of a mitogen for glial satellite ceils. 

Further investigation of this 0-13.5-h time period revealed 
two components of the proliferative response. Blocking pro- 
tein synthesis between 0 and 3.5 h resulted in an enhanced 
proliferative response while blocking protein synthesis be- 
tween 3.5 and 7 h suppressed the proliferation. We suggest 
that blocking protein synthesis early blocks the production 
of an inhibitory signal while blocking protein synthesis late 
may block the production of a mitogenic signal. The fact that 
opposite effects on glial proliferation can be seen in response 
to the same total duration of cycloheximide exposure (3.5 h) 
argues against suppressive effects of any residual cyclobexi- 
mide left in culture after washing. 

In principle, there are two possible intercellular signaling 
mechanisms that can activate glial proliferation: a contact- 
mediated versus a diffusible mechanism. Satellite cells in 
uninjured ganglia are in close apposition to neuronal cell 
bodies, providing the basis for a cell contact-mediated sig- 
naling mechanism. In the injured ganglia, satellite cells 
proliferate and seem to move away from neuronal ceil bod- 
ies. It is possible that the loss of neuronal contact could in- 
duce glial proliferation, although contact-mediated mecha- 
nisms have been implicated in the control of Schwann cell 
proliferation (Eccleston et al., 1989) and differentiation 
(Morgen et al., 1991) during development. However, it is 
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also possible that diffusible signals are responsible for the in- 
duction of the glial mitogenic and inhibitory responses. Con- 
ditioned media experiments were performed to investigate 
the nature of the signals. The results of these experiments re- 
vealed that conditioned media collected at appropriate times 
can mimic the inhibitory and mitogenic responses obtained 
in the cycloheximide experiments. Conditioned medium col- 
lected early after injury (0-3.5 h) suppressed the prolifera- 
tive response in other ganglia cultured for 27 h. This suggests 
that inhibitory molecules are released early during the injury 
process or that this signal is present during the uninjured 
state and its effects last for 3.5 h after explant culture. The 
finding that cycloheximide exposure to ganglia 0-3.5 h after 
injury blocks the inhibitory effect on glial proliferation fur- 
ther suggests that the inhibitory proteins in our cultures are 
both made and released during the first 3.5 h after injury. 
Ganglia cultured in conditioned medium collected from 0 to 
27 h after injury enhanced the proliferation seen in other 
27-h ganglia cultures. Our cycloheximide experiments dem- 
onstrated that blocking protein synthesis between 3.5 and 7 h 
after injury abolishes glial proliferation, and we conclude 
that this is the earliest time the mitogenic signal is produced. 

It is unclear whether the production and the release of the 
mitogenic signal is continuous or transient. Scintillation 
counts of ganglia cultured for 48 h showed that proliferation 
continued to increase to approximately eight times that of 
27-h cultures. Double labeling experiments using pH]thymi- 
dine and BrdU have revealed that by 48 h, one can find three 
different patterns of glial cell staining. There are two popula- 
tions of satellite cells that incorporated the early prolifera- 
tion marker and a large population that incorporated the late 
proliferation marker. It is important to note that proliferating 
satellite cells always outnumber proliferating Schwann cells, 
especially during the late portion of the 48-h culture period. 
Several interpretations of the large, late proliferating, satel- 
lite cell population are possible. First, satellite cells that in- 
corporate the later proliferation marker could be activated by 
a higher concentration of the same glial mitogen that acti- 
vates the earlier proliferating cells. Second, it is possible that 
the cells that produce the initial mitogen could produce an- 
other separate mitogen that activates satellite glial cells to 
proliferate. Third, the late proliferating satellite cells may 
have been signalled to proliferate early, but they may require 
a longer time to enter S phase. We do not favor the first of 
these explanations because experiments designed to collect 
a higher concentration of this putative glial mitogen failed 
to demonstrate any additional mitogenic effects. Condi- 
tioned medium collected between 0 and 48 h after injury 
demonstrate no additional facilitative effect on glial prolifer- 
ation compared with 0-27-h unconditioned medium, sug- 
gesting that this late proliferating population is not depen- 
dent upon an increasing concentration of the same mitogen. 
The fact that no differences in proliferation were revealed by 
culturing with conditioned media collected from the incuba- 
tion of one versus four ganglia also speaks against the late 
proliferating population being dependent upon an increasing 
concentration of the same mitogen. However, it remains pos- 
sible that we did not reach a concentration of mitogen that 
was high enough to induce early proliferation by the popula- 
tion of the cells that incorporate pH]thymidine late in the 
48-h culture period. Despite the lack of an additional effect 
on glial proliferation using the 48-h conditioned medium, 

the second interpretation (a separate, late mitogen) remains 
viable. A second diffusible mitogen could be released but 
may be degraded by 48 h in culture and therefore its effects 
on proliferation over an additional 0-27-h culture period 
would not be detected. Alternatively, the putative second 
mitogen may be membrane bound so that its effects would 
not be observed in conditioned medium. 

By 48 h, the percentage of Schwann ceils that are prolifer- 
ating has also increased compared with earlier periods after 
injury. These proliferating Schwann cells, however, are con- 
centrated proximal to the injury sites at the edges of cut 
stumps of the axonal tracks. Their activation may be the re- 
sult of a different type of signal. This is consistent with previ- 
ous reports of proliferating Schwann cells at sites of injury 
(Logan et al., 1953; Salzer and Bunge, 1980). The possible 
stimuli for Schwann cell proliferation are numerous. Axo- 
lemma- and myelin-enriched fractions can both be mitogenic 
for Schwann ceils (Ratuer et al., 1984, 1985; Salzer et al., 
1980; Sobue and Pleasure, 1985; Yoshino et al., 1984; Dent 
et al., 1991, 1992). Furthermore, macrophages facilitate 
injury-induced Schwann cell proliferation (Baichwal et al., 
1988; Yoshino et al., 1987). Although macrophages may be 
sufficient stimuli, it is unlikely that they are necessary for 
Schwann cell proliferation as few macrophages are detected 
in our trigeminal explant cultures. 1 Recent studies have 
identified the glial growth factor (GGF)/Neuregulin gene 
whose products have been shown to be potent mitogens for 
Schwalm cells (Marchionni et al., 1993; Goodearl et al., 
1993). Proteins from multiple transcripts of this gene have 
been shown to activate a 185-kD protein on Schwann cells 
throught to be the p185 ~rbB2 receptor tyrosine kinase. In situ 
hybridization studies in embryonic mouse have revealed ex- 
pression of GGF rnRNA localized only to neurons with 
prominant expression in sensory ganglia, particularly the 
trigeminal ganglion (Marchionni et al., 1993; Orr et al., 
1993). One possibility is that the release of GGF from in- 
jured trigeminal neurons also may serve as the mitogen in- 
ducing satellite cell proliferation. 

The ability of exogenous growth factors to decrease the 
glial proliferative response in vitro in the present study may 
be a function of the neurotrophic growth factors which res- 
cue injured neurons. The biochemical changes associated 
with axotomy are hypothesized to reflect the interruption in 
the retrograde transport of neuronal growth factors from tar- 
gets (Rich et al., 1989). In vivo, it has been suggested that 
re'umervation returns the supply of NGF back to the previ- 
ously injured neurons. NGF binds to trk A receptors to 
mediate its neurotrophic effects (Kaplan et al., 1991). In situ 
hybridization studies suggest that adult trigeminal sensory 
neurons appear capable of responding to multiple neurotro- 
phins as evidenced by the heterogenous distribution of 
mRNAs coding for trk A, the NGF receptor, trk B, the 
BDNF and NT-4/5 receptor and trk C, the receptor for NT-3 
(V. M. K. Verge, personal communication). Given that tri- 
geminal sensory neurons express neurotrophin receptors, j it 
is conceivable that replacing trophic factors (lost as a resdlt 
of axotomy) would reduce the neuronal injury responses. A 
decrease in glial proliferation was seen in ganglia cultured 
in 50 ng/ml of either NGF or BDNE The specificity of the 
action of NGF is presumably localized to neurons, given that 
only a sub-population of neurons, and not satellite cells, in 
the trigeminal ganglion express the trk A receptor (Verge et 
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Hgure 7. Models for injury- 
induced glial proliferation. In 
the uninjured state, there are 
glial inhibitory proteins pro- 
duced by satellite cells (,4) or 
by neurons (B)  preventing sat- 
ellite cells from proliferating. 
When neurons are axotomized, 
they produce a mitogenic pro- 
tein that either indirectly (via 
an enzyme [C] that breaks 
down the glial inhibitory pro- 
tein) or directly (via a mi- 
togenic protein [D] which 
overcomes any inhibitory in- 
fluence) causes satellite cells 
to proliferate. 

al., 1992). In addition to to neuronal expression, hybridiza- 
tion signal for trk B mRNA could be detected over the satel- 
lite cells surrounding the trigeminal neurons (V. M. K. 
Verge, personal communication). However, it is not known 
at this time whether the trigeminal staining of trk B 
represents the gp145 ~s (frill length receptor) or the gp95 ~'s 
(cytoplasmically truncated receptors lacking signal trans- 
duction capability) (Klien et al., 1990). Neurotrophic recep- 
tors lacking cytoplasmic domains may pool trophic factors 
at certain sites, and may serve as transporters of these mole- 
cules to neurons (Chao, 1992). Until the form of the trk B 
receptor on satellite cells can be determined unequivocally, 
the decrease in satellite cell proliferation by BDNF should 
be treated cautiously. NGF and BDNF do cross react with 
both trk A and trk B receptors (Rodriguez-T~bar et al., 
1990), however, this cross-reactivity is minimal at the con- 
centration of growth factor we have used. It is possible that 
the lack of complete inhibition of the glial proliferative re- 
sponse after NGF or BDNF treatment may be due to the 
differential expression of trophic factor receptors in the 
trigeminal ganglion. The withdrawal of NGF from sym- 
pathetic and sensory ganglia results in atrophy and eventu- 
ally cell death (Rich et al., 1984; Yip et al., 1984). It has 
been hypothesized that the lack of NGF turns on a cell death 
program which actively kills the cell. Neuronal survival can 
be prolonged if a protein synthesis inhibitor is added in vitro 
(Martin et al., 1988; Scott and Davies, 1990) and in vivo 
(Oppenheim et al., 1990), and thus NGF appears to be 
repressing the expression of death proteins. Although we 
have no evidence to suggest that explanted trigeminal sen- 
sory neurons are dying by 27 h, it remains possible that satel- 
lite cells are reacting to dying neurons and not to injury since 
the cell death process may be accelerated under in vitro con- 
ditions. The reduction of satellite cell proliferation with the 
additon of cycloheximide or neurotrophic factors seem to be 
consistent with this view. It is clear that trigeminal sensory 
neurons have been severely injured by explantation, but 
whether these neurons are actually dying remains to be de- 
termined. 

The function of satellite cell proliferation resulting from 
injury is unclear. However, satellite cells have been shown 
to maintain neuronal metabolic requirements. During devel- 
opment, the presence of satellite cells greatly enhances the 
survival of ganglionic neurons in culture (Shimizu, 1968; 

Varon and Raiborn, 1972), and enhances axonal growth and 
maturation in embryonic cultures (Varon and Raiborn, 
1972). Thus, satellite cells are capable of providing trophic 
support for neurons during development. Injury-induced sat- 
ellite cell proliferation may help to serve a similar function. 
When neurons are injured, the metabolic requirements of 
these ceils increase (Kreutzberg and Emmert, 1980; Smith 
et al., 1984). Satellite cells may proliferate to compensate 
for this increased requirement. 

The possible interactions between neurons and glia during 
both the uninjured and injured states are schematized (Fig. 
7). In the uninjured state, there is very little satellite glial 
proliferation. Injections of [3I-I]thymidine in vivo reveal au- 
toradiographic labeling of only a very small number of satel- 
lite ceils.l These satellite ceils may not normally prolifer- 
ate because they are under inhibitory control. It is not clear 
whether the putative inhibitory signal is mediated by way of 
glial-glial or neuronal-glial interactions. The inhibitory sig- 
nal that we have shown to exist could also arise from neurons 
(Fig. 7 B). In the enteric nervous system, neuronal-glial sig- 
nals that inhibit glial proliferation seem to be dependent on 
contact-mediated mechanisms (Eccleston et al., 1989). 
However, the inhibitory signal that we have described is 
diffusible. Alternatively, the inhibitory signal may be glial- 
glial in nature. It is thought that the negative autocrine con- 
trol of quiescent Schwann cells is due to enzymatic cleavage 
of fibronectin by Schwann cells via the activation of the plas- 
rninogen activator system (Muir and Manthorpe, 1992; Muir 
et al., 1990). It has been speculated further that a neuronal 
enzyme inhibitor or modulator of negative autocrine signals 
between Schwann cells may be responsible for the induction 
of Schwann cell proliferation during development (Muir and 
Manthorpe, 1992). We suggest that satellite glial cells are 
under negative control in the uninjured state, and that the in- 
duction of satellite cell proliferation during injury is caused 
by a neuronal protein that interferes either directly or in- 
directly with this inhibitory control. The inhibitory signal 
that is collected in the medium between 0 and 3.5 h after in- 
jury in explant culture could represent an inhibitory glial sig- 
nal for proliferation passing between glial cells (Fig. 7 A) 
that is also constitutively present in the uninjured state. 

In the injured state, neurons produce and release a mito- 
genie signal for satellite glial cells after their axons have been 
cut. There is no evidence to differentiate the possibility that 
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the mitogenic and inhibitory signals interact directly (Fig. 7 
C) or independently of each other (Fig. 7 D). In Fig. 7 C, 
the mitogenic signal could be an enzyme which breaks down 
an inhibitory signal for glial proliferation released by glial 
cells. The breakdown of this inhibitory signal would result 
in mitogenesis of glial cells. In Fig. 7 D the mitogenic signal 
acts directly on glial cells to overcome the negative effects 
of the inhibitory signal, or induces glial cells to stop the 
production of this inhibitory protein. In both of these models, 
glial proliferation could be stopped with the termination of 
the production of the neuronal signal. 

The evidence from this study shows that injured neurons 
participate in the induction of satellite cell proliferation in 
the trigeminal ganglion. Diffusible glial mitogenic and in- 
hibitory signals are produced and released which dynami- 
cally control glial proliferation. The production of the mito- 
genic factor appears to be regulated by target derived trophic 
agents since the addition of trophic factors in vitro reduces 
this glial proliferative response. Hopefully the isolation and 
identification of both mitogenic and inhibitory proteins will 
facilitate the understanding of the signaling mechanisms in- 
volved between neurons and glia during injury. 
We thank Regeneron Pharmaceuticals for their kind gift of brain derived 
neurotrophic factor. 

This work was supported by the Medical Research Council of Canada 
and the Canadian Networks of Centres of Excellence. 

Received for publication 29 September 1993 and in revised form 29 Novem- 
ber 1993. 

Ref~r@nc£$ 

Aldskogius, H., and J. Arvidsson. 1978. Nerve cell degeneration and death in 
the trigeminal ganglion of the adult rat following peripheral nerve transec- 
tion. J. Neurocytol. 7:229-250. 

Airman, J., and S. A. Bayer. 1982. Development of the cranial nerve ganglia 
and related nuclei in the rat. Adv. Anat. Erabryol. Cell Biol. 74:1-90. 

Baichwal, R. R., J. W. Bigbee, and G. H. Devries. 1988. Macrophage- 
mediated myelin related mitogenic factor for cultured Schwaon cells. Proc. 
Natl. Acad. 5ei. USA. 85:1701-1705. 

Camn~rmeyer, J. 1965. Juxtavascular karyokiuesis and micmglia cell prolifer- 
ation during retrograde reaction in the mouse facial nucleus. Ergeb. Anat. 
Entwicklun&sgesch. 38:1-22. 

Clmo, M. V. 1992. Neurotrophin receptors: a window into neuronal differentia- 
tion. Neuron. 9:583-593. 

Dent, E. W., J. A. Ida, and J. E. Yoshino. 1992. Isolated growth cones stimu- 
late proliferation of cultured Schwann cells. G//a. 5:105-111. 

Dropp, J. J., and F. J. Sodetz. 1971. Autoradiographic study of neurons and 
neuroglia in autonomic ganglia of behaviorally stressed rats. Brain Res. 
33:419-430. 

Eccleston, P. A., P. G. C. Bannerman, D. E. Pleasure, J. Winter, R. Mirsky, 
and K. R. Jessen. 1989, Control of peripberal glinl cell proliferation: enteric 
neurons exert an inhibitory influence on Schwann cell and enteric glial cell 
DNA synthesis in culture. Development (Camb.). 107:107-112. 

Girard, F., U. Strausfeld, A. Fernandez, and N. J. C. Lamb. 1991. Cyclin A 
is required for the onset of  DNA replication in mammalian fibroblasts. Cell. 
67:1169-1179. 

Goodearl, A. D. J., J. B. Davis, K. Mistry, L. Minghetti, M. Otsu, M. D. Wa- 
tertield, and P. Stroobant. 1993. Purification fo multiple forms of glial 
growth factor. J. Biol. Chem. 268:18095-18102. 

Grafstein, B., and I. G. McQuarrie. 1978. The role of the nerve cell body in 
axonal regeneration. In Neuronal plasticity. C.W. Cetman, editor. Raven 
Press, New York. 155-195. 

Hall, A. K., and S. C. Landis. 1992. Division and migration of satellite glia 
in the embryonic rat superior cervical ganglion. J. Neurocytol. 21:635--647. 

Hanker, J. S., K. A. Carson, R. J. Chandross, and D. K. Romanovicz. 1976. 
Schwann cell glycolytic activity and proliferation in sensory neuropethy. J. 
Dent. Res. 55:B265. 

Hoffman, P. N., D. W. Cleveland, J. W. Griffin, P. W. I andes, N. J. Cowan, 
and D. L. Price. 1987. Changes of nerve growth factor synthesis in 
noneuronai cells in response to sciatic nerve transection. J. Cell Biol. 
104:1623-1631. 

Humberston, A., E. ZimmermAnn, and M. Leedy. 1969. A chronological study 
of mitotic activity in satellite cell hyperplnsia associated with chromatolytic 
neurons. Z. ZeUforsch. Mikrosk. Anat. 100:507-515. 

Kaplan, D. R., B. L. Hempstead, D. Martin-Zanca, M. V. Chao, and L. F. 
Parada. 1991. The irk proto-oncogene product: a signal transducing receptor 
for nerve growth factor. Science (Wash. DC). 252:554-558. 

Klien, R., D. Conway, L. Parada, and M. Barbacid. 1990. The trkB tyrosine 
protein kinase gene codes for a second neurogenic receptor that lacks the 
catalytic kinase domain. Cell. 6:647-656. 

Kreutzberg, G. W. 1982. Acute neuronal reaction to injury. In Repair and 
regeneration of the nervous system. J. G. Nichols, editor. Springer-Verlag, 
Berlin. 57--69. 

Kreutzberg, G. W., and H. Emmert. 1980. Glucose utilization of motor nuclei 
during regeneration: a [t4C] 2-deoxyglucose study. Exp. NeuroL 70:712- 
716. 

Lawson, S. N., K. W. T. Caddy, and T. J. Biscce. 1974. Development of rat 
dorsal root ganglion neurones: studies of cell birthdays and changes in mean 
cell diameter. Cell. 7issue Res. 153:399-413. 

Lieberman, A. R. 1971. The axon reaction: a review of the principal features 
of perikaryal responses to injury. Int. Rev. Neurobiol. 14:49-124. 

Lieherman, A. R. 1974. Some factors affecting retrograde neuronal responses 
to axonal lesions./n Essays on the Nervous System. R. Bellairs, and E. G. 
Gray, editors. Claredon Press, Oxford. 71-105. 

Logan, J. E., R. J. Rossller, and M. L. Barr. 1953. Cellular proliferation in 
the proximal segment of a sectioned or crushed peripheral. J. Anat. 
87:419-422. 

Lu, X., and P. M. Richardson. 1991. Inflammation near the nerve cell body 
enhances axonal regeneration. J. Neurosci. 11:972-978. 

Lu, B., M. Yokoyama, C. F. Dreyfus, and I. B. Black. 1991. NGF gene expres- 
sion in actively growing br~n gila. J. Neurosci. 11:318-326. 

Marchionni, M. A., A. D. J. Goodearl, M. S. Chen, O. Bermingham- 
Mcdonogh, C. Kirk, M. Hendricks, F. Danehy, D. Mishumi, J. Sndhalter, 
K. Kobaynshi, et ai. 1993. Glial growth factors are alternatively spliced 
erbB2 ligands expressed in the nervous system. Nature (Lond.). 362:312- 
318. 

Martin, D. P., R. E. Schmidt, P. S. Distefano, O. H. Lowry, J. G. Carter, 
and E. M. Johnson. 1988. Inhibitors of protein synthesis and RNA synthesis 
prevent neuronal death caused by nerve growth factor deprivation. J. Cell 
B/ol. 106:829-844. 

McQuarrie, I. G., B. Grafstein, and M. D. G-ershon. 1977. Axonal regeneration 
in the rat sciatic nerve: effect of a conditioning lesion and of dbcAMP. Brain 
Res. 132:443-453. 

Morgan, L., K. R. Jessen, and R. Mirsky. 1991. The effects of cAMP on 
differentiation of cultured Schwann cells: progression from an early pheno- 
type (04 +) to a myelin phenotype (Po +, GFAP-, N-CAM-, NGF- 
Receptor-) depends on growth inhibition. J. Cell Biol. 112:457-467. 

Morshead, C. M., and D. van der Kony. 1990. Separate blood and brain origins 
of proliferating cells daring glinsis in adult brains. Brain lies. 535:237-244. 

Muir, D., and M. Manthorpe. 1992. Stromelysin generates a fibronectin frag- 
ment that inhibits Schwann cell profiferation. Y. Cell Biol. 116:177-185. 

Muir, D., S. Varon, and M. Manthorpe. 1990. Schwaun cell proliferation in 
vitro is under negative autocrine control. J. Cell Biol. 111:2663-2671. 

Nurse, P. 1990. Universal control mechanism regulating onset of M-phase. Na- 
ture (Lond.). 344:503-508. 

Oppenheim, R. W., D. Prevette, M. Tytell, and S. Homma. 1990. Naturally 
occurring and induced cell death in the chick embryo in v/vo requires protein 
and RNA synthesis: evidence for the role of cell death genes. Dev. Biol. 
138:104-113. 

Orr-Urtreger, A., L. Trakhtenbrot, R. Ben-Levy, D. Wen, G. Rechavi, P. 
Lonai, and Y. Yarden. 1993. Neural expression and chromosomal mapping 
of Neu differentiation factor to 8p12-p21. Proc. Natl. Acad. Sci. USA. 
85:1867-1871. 

Otto, D., K. Unsicker, and C. Grothe. 1987. Pharmacological effect of nerve 
growth factor and fibroblast growth factor applied to the transectioned sciatic 
nerve on neuron death in the adult rat dorsal root ganglia. Neurosci Lett. 
83:156-60. 

Pellegrino, R. G., M. J. Politis, J. M. Ritehie, and P. S. Spencer. 1986. Events 
in degenerating cat peripheral nerve: induction of Schwann cell S phase and 
its relation to nerve fibre degeneration. J. NeurocytoL 15:17-28. 

Perry, G. W., S. R. Krayanck, and D. L. Wilson. 1983. Protein synthesis and 
rapid axonal transport during regrowth of dorsal root axons. J. Neurochem. 
40:1590-1598. 

Perry, V. H., M. C. Brown, and S. Gordon. 1987. The macrophage response 
to central and peripheral nerve injury: a possible role for macrophages in 
regeneration. J. F-,W. Med. 166:1685-1701. 

Polltis, M. J., and J. E. Miller. 1985. The roles of reactive gliosis and mitosis 
on trophic factor production in traumatized nervous system tissue. Brain 
Res. 346:186-189. 

Prinens, J., and P. S. Spencer. 1975. Pathology of the nerve cell body in dis- 
orders of the peripheral nervous system. In Peripheral Neuropathy, vol. 1. 
P. J. Dyck, P. K. Thomas, and E. H. Lambert, editors. W. B. Sanders Co., 
Toronto. 253-295. 

Pubols, L. M., and M. E. Foglesong. 1988. Acute and chronic effects of the 
neumlytic agent ricin on dorsal root ganglia, spinal cord, and nerves. J. 
Comp. NeuroL 275:271-281. 

Rather, N., L. Giaser, and R. P. Bunge. 1984. PC 12 cells as a source of neurite- 
derived cell surface mitogen, which stimulates Schwann cell division. J. Cell 
Biol. 98:1150-1155. 

Rather, N., R. P. Bange, and L. Glaser. 1985. A neuronal cell surface heparin 

The Journal of Cell Biology, Volume 124, 1994 1014 



sulphate proteoglycan is required for dorsal root ganglion neuron stimulation 
of Schwann cell proliferation. J. Cell Biol. 101:744-754. 

Rich, K. M., H. K. Yip, P. A. Osborne, R. E. Schmidt, and E. M. Johnson. 
1984. Role of nerve growth factor in the adult dorsal root ganglia neuron 
and its response to injury. J. Comp. Neurol. 230:110-118. 

Rich, K. M., J. R. Lnszczynski, P. A. Osborne, and E. M. Johnson. 1987. 
Nerve growth factor protects adult sensory neurons from cell death and atro- 
phy caused by nerve injury. J. Neurocytol. 16:261-268. 

Rich, K. M., S. P. Dish, and M. E. Eichier. 1989. The influence of regeneratien 
and nerve growth factor on the neuronal cell body reaction of injury. J. New 
rocytol. 18:569-576. 

Richardson, P. M., and V. M. K. Issa. 1984. Peripheral injury enhances central 
regeneration of primary sensory neurons. Nature (Lond.). 309:791-793. 

Richardson, P. M., and V. M. K. Verge. 1987. Axonel regeneration in dorsal 
spinal roots is accelerated by peripheral axonal transection. Brain Res. 
411:406-408. 

Rodriguez-Te'bar, A., G. Dechant, and Y. Barde. 1990. Binding of brain- 
derived neurotrophic factor to the nerve growth factor receptor. Neuron. 
4:487-492. 

Rotter, A., N. J. M. BirdsaU, A. S. V. Burgen, P. M. Field, and G. Raisman. 
1977. Axotomy causes loss of muscarinic receptors and loss of synaptic cow 
tacts in the hypoglossal nucleus. Nature (Lond.). 266:734--735. 

Salzer, J. L., and R. P. Bunge. 1980. Studies of Schwann cell proliferation dur- 
ing development, wallerian degeneration and direct injury. J. Cell Biol. 
84:739-752. 

Salzer, J. L., A. K. Williams, L. Glaser, and R. P. Bunge. 1980. Studies of  
Schwann cell proliferation. II. Characterization of the stimulation and 
specificity of the response to a neurite membrane fraction. J. Cell Biol. 
84:753-766. 

Schwyn, R. C. 1967. An autoradiographic study of satellite cells in autonomic 
ganglia. Am. J. Anat. 121:727-740. 

Scott, S. A., and A. M. Davies. 1990. Inhibition of protein synthesis prevents 
cell death in sensory and parasympathetic neurons deprived of neurotrophic 
factor in vitro. J. Neurobiol. 21:630-638. 

Shimizu, Y. 1965. The satellite cells in cultures of dissociated spinal ganglia. 
Z. Zellforsch. Mikrosk. Anat. 67:185-195. 

Sj6strand, J. 1965. Proliferative changes in glial cells during nerve regenera- 
tion. Z. Zellforsh. Mikrosk. Anat. 68:481--493. 

Smith, C. B., A. M. Crane, M. Kadekara, B. W. Agranoff, and L. Sokoloff. 
1984. Stimulation of protein synthesis and glucose utilization in the 
hypoglossul nucleus induced by axotomy. J. Neurosci. 4:2489-2496. 

Sobue, G., and D. Pleasure. 1985. Adhesion of axolemmal fragments to 

Schwann cells: a signal- and target-specific process closely linked to axolem- 
real induction of Schwann cell mitosis. J. Neurosci. 5:379-387. 

Stoll, G., J. W. Orimn, C. Y. Li, and B. D. Trapp. 1989. WalIerian degenera- 
tion in the peripheral nervous system: participation of both Schwann cells 
and macrophages in myelin degradation. J. Neurocytol. 18:671-683. 

Streit, W. L,  and G. W. Krentzberg. 1988. Response of endogenons glial cells 
to motor neuron degeneration induced by toxic ricin. J. Comp. NeuroL 
268:248-263. 

Swenson, K. I., J. M. Westendorf, T. Hunt, andJ. V. Ruderman. 1989. Cyclins 
and regulations of the cell cycle in early embryos. In Molecular Biology of 
Fertilization. G. Schatten and H. Schetten, editors. Academic Press, Or- 
lando. 211-232. 

Tessler, A., B. T. Himes, N. R. Krieger, M. Murray, and M. E. Goldherger. 
1985. Sciatic nerve transection produces death of dorsal root ganglion cells 
and reversible loss of substance P in spinal cord. Brain Res. 332:209-218. 

Tetzlaff, W., M. A. Bishy, and G. W. Kreutzberg. 1988. Changes in cytoskele- 
tal proteins in the rat facial nucleus following exotomy. J. Neurosci. 
8:3181-3189. 

Torvik, A., and F. Skj6rten. 1971. Electron microscopic observations on nerve 
cell regeneration and degeneration after axon lesions. II. Changes in the glial 
cells. Acta. Neuroi~hoL (Berlin). 17:265-81. 

Varon, S., and C. Raiboro. 1972. Dissociation, fractionation and culture of 
chick embryo sympathetic ganglionic cells. J. Neurocytol. 1:211-221. 

Verge, V. M. K., J. P. Merlio, J. Grondin, P. Ernfors, H. Persson, R. J. Ri- 
opelle, T. Hokfelt, and P. M. Richardson. 1992. Colocalizatien of NGF 
binding sites, trk mRNA, and low-affinity NGF receptor mRNA in primary 
sensory neurons: responses to injury and infusion of NGF. J. Neurosci. 
12:401 I--4022. 

Watson, W. E. 1965. An autoradiographic study of the incorporation of nu- 
cleic-acid precursors by neurones and glia during nerve regeneration. J. 
Physiol. 180:741-753. 

Yip, H. K., K. M. Rich, P. A. Lampe, and E. M. Johnson. 1984. The effects 
of nerve growth factor and its antiserum on the postnatal development and 
survival after injury of sensory neurons in rat dorsal root ganglia. J. Neu- 
rosci. 4:2986-2992. 

Yoshino, J. E., M. P. Dinneen, B. L. Lewis, J. H. Meadorwoodruff, and G. H. 
Devries. 1984. Differential proliferative responses of cultured Schwann cells 
to axolemma- and myelin-enriched fractions. 1. Biochemical studies. J. Cell 
BioL 99:2309-2313. 

Yoshino, I. E., P. W. Mason, and G. H. Devries. 1987. Developmental 
changes in myelin-induced proliferation of cultured Schwann cells. J. Cell 
Biol. 104:655-660. 

Wen et al. Neuronal-Glial Interactions After F_~plant Culture 1015 


