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Quinolone and glycopeptide therapy for infection in mouse 
following exposure to mixed-field neutron-7-photon radiation 

I. BROOK*t, S. P. TOM and G. D. LEDNEY 

(Received 31 March 1993; revision received 26 August 1993: accepted 3 September 1993) 

Abstract. The cfTccts of increased doses of mixed-field 
neutron-y-photon irradiatiorf on bacterial translocation and 
subscqucm sepsis, and the influence ofantimicrobiai therapy on 
these events, were studied in the C3H/He.\ mouse. Animals 
were given 4-25, 4-50, 4-75, 5-00 and 5-25 Gy of mixed-field 
[n/ln + y = 0-7] radiation. The mortality rate of mice and 
recovery of bacteria were directly related to the radiation dose. 
Enterobactenaceae were mostly isolated from the livers of mice 
exposed to 500 and 5-25 Gy, and aerobic Gram-positive cocci 
were recovered from those exposed to 4-50 and 4-75 Gy. Oral 
therapy with L-ofioxacin reduced mortality of all groups of 
animals except those given 4-25 and 4-50 Gv. This reduction 
was associated with a decrease in the number of the recovered 
Enlerobactenaceae. However, the number of Gram-positive cocci 
was unaffected. Addition of i.m. glycopeptide therapy failed to 
prevent Gram-positive coccal infection, due to the development 
of glycopeptide-resistant Enterococcus faecalis. These data demon- 
strate a relationship between the doses of mixed-field radiation 
and the tatcs of infection due to Enterobacteriaceae. While L- 
ofloxacin therapy reduces the infection rate, prolongs survival 
and prevents mortality, the addition of a glycopeptide can 
enhance systemic infection by resistant bacteria in the irra- 
diated host. 

1. Introduction 

Ionizing radiation increases a recipient's susceptibi- 
lity to systemic infection due to endogenous and 
exogenous organisms (Kaplan el al. 1965, Brook et al. 
1986). Most endogenous infections in y-photon- 
irradiated animals originate in the bacterial flora of 
the gastrointestinal tract (Brook et al. 1986). Follow- 
ing irradiation, some members of that bacterial flora 
translocate to the liver and spleen, and they can be 
associated with fatal septicemia (Brook et al. 1986, 
Brook et al. 1988). The predominant organisms that 
can be recovered from septic animals are Entero- 
bacteriaceae and Streptococcus spp. Preventing translo- 
cation of these bacteria and providing therapy of the 
subsequent sepsis can reduce mortality in experi- 
mental infection (Brook et al. 1990). However, anti- 
microbial    agents    that    inhibit    the    anaerobic 

* Author for correspondence: Itzhak Brook, MD, Naval 
Medical Research Institute, Bethesda. MD 20889. USA. 

tW'ound Infection Management Program. Experimental 
Hematology Department. Armed Forces Radiobiologv 
Research Institute. Bethesda. MD, USA. 

gastrointestinal flora can also enhance bacterial 
translocation and increase the mortality rate (Brook 
et al. 1988). 

Previous studies (Brook and Ledney 1990, 1991, 
Brook et al. 1990) demonstrated the ability of quino- 
lone therapy to reduce bacterial translocation and 
subsequent sepsis due to Enterobacteriaceae in the y- 
photon-irradiated mouse. However, bacterial sepsis 
was documented in over one-quarter of the mice due 
to quinolone resistant Streptococcus spp. (Brook and 
Ledney 1991). The addition of an antimicrobial 
agent such as penicillin, which is effective against the 
Streptococcus spp., reduced the infection due to quino- 
lone resistant Streptococcus spp. and increased the 
survival rate (Brook and Ledney 1991). Because of 
the growing resistance oi Streptococcus spp. to penicil- 
lin and the occurrence of other Gram-positive patho- 
gens such as Staphylococcus spp., evaluating the 
efficacy of a more potent antimicrobial agent was 
desired. Most of the past research relating to infec- 
tion following irradiation was done in y-photon- 
irradiated animals, and limited work was done on 
the bacterial aetiology and therapy of sepsis follow- 
ing neutron irradiation (Hammond et al. 1955). 

Exposure to neutron radiation can occur acciden- 
tally or following therapeutic use of radiation. 
Although infection can occur following y-photon as 
well as neutron irradiation, infection following neu- 
tron irradiation may have unique features due to the 
greater effect that neutrons have upon the intestinal 
epithelial cell lining than do y-photons (Ledney el al. 
1991). This study was designed to investigate the 
effect of increased doses of mixed-field neutron-y- 
photon irradiation on bacterial translocation and 
subsequent sepsis and the mortality rate in mice 
using therapy with L-ofloxacin (a quinolone) and 
vancomycin or teicoplaning (glycopeptides). 

2. Materials and methods 

2.1. Animals 

Female C3H/HeN mice (approximately 12 weeks 
old) were obtained from the National Cancer Insti- 

0955-3002/93 S10.00 c  1993 Tavlor & Francis Lid 
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tute animal breeding facility (Frederick, MD, USA). 
All animals were kept in quarantine for about 2 
weeks before transfer to a room with a 12-h light- 
dark cycle. Representative samples were examined 
to ensure the absence of specific bacteria and com- 
mon murine diseases. Animals were maintained in a 
facility accredited by the American Association for 
Accreditation of Laboratory Animal Care in microi- 
solator cages on hardwood chip bedding, and were 
provided commercial rodent chow and acidified 
water (pH 2-2) that was changed to tap water 48 h 
before irradiation. All experimental procedures were 
done in compliance with National Research Council 
guidelines and approved by an Institutional Animal 
Care and Use Committee. 

2.2.  Mixed-field irradiation 

Mixed-field irradiation was performed using the 
AFRRI TRIGA Mark-F reactor. This reactor is a 
movable-core pool-type facility with maximum 
operational steady-state power of 1 MW. The reac- 
tor was operated at 45 kW. The neutron to total dose 
of neutrons and y-photons ([n/.n + y)] dose ratio of 
0-7) was achieved by irradiating mice through a 5- 
cm lead shield, 255 cm from the tank wall and 
120cm above the exposure room floor (Ledney el al. 
1991). The mean energy for neutrons and y-photons 
in experiments was approximately 0-8 MeV ■ Zeman 
and Fcrlic 1984). Thus, mice received radiation 
doses with a spectrum of energies that contained a 
mixture of neutrons in = 70o

o) and y-photons 
(y = 30o

o). All irradiations were performed at a total 
dose rate of SScGy/min. The total dose-rate varied 
<20

0 over the entire radiation field. Mice were 
irradiated in aerated aluminum tubes that rotated at 
1 -5 rpm. 

2.3.  Antimicrobial agents 

Standard powder formulation of antimicrobials 
were used for in vitro susceptibility studies. The 
antimicrobials were administered orally (L- 

ofloxacin), or i.m. (glycopcptides) in a volume of 
0-1 ml sterile saline. The daily doses of the antimicro- 
bial agents were 50mg/kg for vancomycin (Eli Lilly 
Ind., Indianapolis, IN, USA and 50 mg/kg for 
teicoplanin (Dow Pharmaceuticals, Cincinnati, OH. 
USA) given every 12 h and 20 mg/kg for oral L- 

ofloxacin iOrtho Pharmaceuticals Corp., Raritan, 
NJ, USA) given once a day. Control animals 
received 01 ml sterile saline i.m. once a day. 

Serum concentrations of all antimicrobials were 

measured by the agar diffusion assay (Reeves et al. 
1987) with Bacillus subtilis, ATCC strain number 
6633 (American Type Culture Collection, Rockville, 
USA). Measurements were made in non-irradiated 
mice on day 5 of therapy at 1 and ll-5h after 
glycopeptide administration and 23-5 h after L- 

ofloxacin administration. The method could not 
detect antimicrobial concentrations <0-2/Jg/ml. 

2.4. Microbiological methods 

Animals were killed by cervical dislocation. Speci- 
mens of livers and ilea were processed semiquantita- 
tively for the presence of bacteria. No other organs 
were processed, and no blood samples were obtained 
because previous studies showed that liver cultures 
correlated best with sepsis (Brook et al. 1986). About 
500 mg liver tissue and about 1cm of ileum were 
aseptically removed and homogenized immediately. 
The specimens were swabbed onto media supportive 
of aerobic and anaerobic bacteria. 

The media used for facultative and aerobic organ- 
isms were sheep blood and MacConkey agars. Aero- 
bic plates were incubated in air and 5% carbon 
dioxide. Prereduced anaerobic sheep blood agar 
medium was used for anaerobic bacteria. Plates were 
incubated in anaerobic GasPak jars (BBL, Cockeys- 
ville, MD, USA) opened after 48 and 96 h of incuba- 
tion, and observed for 7 days. All media were 
incubated at 370C. Isolates were identified by stan- 
dard criteria (Lennette W a/. 1985, Sutter c/a/. 1985). 
Susceptibility testing was done using the Kirby- 
Bauer method (Lennette et al. 1985). 

2.5.  Experimental design 

Antimicrobial treatments were initiated 72 h after 
irradiation and administered for 21 days. Animals 
were observed for survival for 60days. Terminally-ill 
mice were killed during the experiment. The effect of 
increasing doses of mixed-field irradiation on trans- 
location and mortality rate and the effect of L- 

ofloxacin therapy were studied in the first set of 
experiments. Increased dpses of radiation were 
administered to each group; 4-25, 4-50, 4-75, 500 
and 5-25 Gy. An additional group that was not 
irradiated served as a control. Six groups of 40 mice 
each were included in this experiment (n = 240). 
Each group was divided into two groups of 20: one 
group was observed for 60 days for survival, and the 
second group was used for cultures of liver and 
ileum. (Tables 1 and 2). 

In the second and third experiments, the effects of 
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L-ofloxacin, one a glycopeptide (vancomycin or tei- 
coplanin), and one both L-ofloxacin and a glycopep- 
tide. Each group consisted of 10 mice used for 
cultures of livers (five mice each on days 12 and 14 
after irradiation) while the rest were used to monitor 
mortality. When fewer than five animals survived in 
a group, all were studied that day. 

In the second experiment (Table 3) one group 
received oral L-ofloxacin, one teicoplanin, one the 
combination of the two, and one saline. In the third 
experiment (Table 4), one group received L- 

ofloxacin, one vancomycin, one the combination of 
the two, and one saline. 

2.6. Statistical analysis 

Statistical analysis was done using the Mantel- 
Cox test (Lee 1980). 

3. Results 

quinolone and glycopeptide therapies were studied 
in mice exposed to 4-73 Gy. This dose was chosen 
because L-ofloxacin therapy had the best efficacy on 
survival. A total of 88 mice were included in the 
second experiment and 72 in the third experiment. 
Each experiment consisted of four equally divided 
sets of mice consisting of three antimicrobial therapy- 
groups and a saline-treated control group. The 
therapy groups were as follows; one group received 
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Figure 2.     Effect of various doses (Gy) of mixed field irradia- 
tion on survival of the L-ofloxacin-treatcd  C3H/HeN 

3.1. Mortality 

In the first experiments (Figures 1 and 2), mor- 
tality rate was directly related to the dose of irradia- 
tion. In saline-treated mice, all mice exposed to 50 
and 5-25 Gy, 850

0 of those exposed to 4-75 Gy, 30o
o 

exposed to 4-50 Gy, and 20% exposed to 4-25 Gy 
expired within 21 days. Therapy with L-ofloxacin 
did not change the ultimate survival of those exposed 
to 5-25 Gy although their mean survival time 
improved from 8-2 to 14-2 days. However, in those 
exposed to 5-00Gy, 40% survived (/)<0-05), and in 
those exposed to 4-75 Gy, 50% survived (/)<0-05). 
There was no improvement in survival rate in those 
exposed to 4-50 and 4-25 Gy. 

In the second and third sets of experiments, mor- 
tality was 20 and 40% in L-ofloxacin treated mice 
(Figures 3 and 4), as compared with 75 and 80% in 
saline-treated mice (/)<0-05). Mortality rate in 
those treated with either of the giycopeptides alone 
or a glycopeptide combined with L-ofloxacin was 
greater than controls (/)<0-05) or those treated with 
L-ofloxacin alone (/>0-001). 

3.2.  Isolation of bacteria 

In the first experiment no bacteria were isolated 
from the livers of non-irradiated mice (data not 
shown) or those exposed to 4-25Gy (Table 1). 

Most of the organisms were recovered from mice 
irradiated with 500 and 5-25 Gy. Fifty-three differ- 
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ent isolates were recovered from all mice: 21 (40%) 
from those exposed to 5-25 Gy; 18 (340

0) from those 
exposed to 5-00 Gy; 11 (2100) from those exposed to 
4-75 Gy; and 3 (60

0) from those exposed to 4-50 Gy. 
The total number of recovered organisms increased 
from six organisms on day 8, to 15, 16 and 16 
organisms on days 10, 12 and 14, respectively. 

The predominant bacteria were Escherichia coli (21 
isolates), alpha hemolytic Streptococcus (6), and Enler- 
obacter aerogenes and Acinetobacter spp. (5 each). Most 
Enlerobacleriaceae were recovered in mice exposed to 
500 and 5-25 Gy and most Staphylococcus spp. were 

recovered in those exposed to 4-50 and 4-75 Gy. 
Three strains of anaerobic cocci were also isolated. 
In one instance anaerobic cocci were the only isolate 
recovered from a liver abscess on day 8 after irradia- 
tion from a mouse given 5-00 Gy. 

A significant reduction in the number of the 
isolated Enlerobacteriaceae was noted in the livers of 
mice treated with L-ofloxacin (Table 2). Of the 19 
isolates recovered from these animals, only two were 
E. cob and the others were Gram-positive bacteria. 

The number of isolates recovered from the livers 
studied in the second experiment were 26 Entero- 
bacteriaceae spp. (including 14 E. coli, five Klebsiella 
pneumoniae, four Acinetobacter spp. and three E. aero- 
genes) and 22 Gram-positive aerobic bacteria 
(including six E.faecalis and five Staphylococcus aureus) 
(Table 3). 

In the third experiment the isolates were 24 
Enlerobacteriaceae spp., 23 Gram-positive aerobic bac- 
teria (including 15 gamma-heniolytic streptococcus, 
five E.faecalis and four S. aureus) (Table 4). More 
Enterobacteriaceae were isolated in both sets of experi- 
ments in mice receiving the glycopeptides than in 
those receiving L-ofloxacin (/)<005). E.faecalis was 
isolated only in mice treated with glycopeptide alone 
or combined with L-ofloxacin. 

Organisms similar to those isolated in the liver 
were also recovered in the ileum as predominant 
bacteria. Enterobacteriaceae were absent in the colon of 
mice treated with L-ofloxacin, while the number of 
strict anaerobes was unchanged. In contrast, the 
number of Enterobacteriaceae was unchanged in mice 
treated with a glycopeptide, but the number of strict 
anaerobes decreased to a minimum, and the number 
of .SVr^ofOfnM spp. increased. 

100 L-ofloxacin 

Days 

Figure 4.    Survival of the 4-75 Gy mixed-ficld-irradiatcd C3H/ 
HcN mouse treated with L-ofloxacin and tcicoplanin. 

3.3.  Antimicrobial serum concentrations 

Antimicrobial serum concentrations were 
obtained in five animals in each antimicrobial group 
on day 5 of therapy in unirradiated mice. The 
antimicrobial concentrations (mean + SD) for L- 

ofloxacin at 1 and 23-5 h after injection were 
2-4 ±0-5 and 0-5 + 0-2/jg/ml; for vancomycin at 1 
and ll-5h, 57-9 + 6-4 and 12-5±3-l/ig/ml; and for 
teicoplanin 49-6±4-3 and 10-2±2-3/ig/ml. 

3.4.  Antimicrobial susceptibility 

All E.faecalis isolates were resistant to L-ofloxacin, 
teicoplanin and vancomycin as determined by the 
Kirby-Bauer method (Reeves et al. 1987). 
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I able  I.    Bacteria recovered from livers of saline-treated mice irradiated with different doses (five mice per group were studied 
each day3) 

Davs after irradiatii 

8                                          10                                         12                                         14 
Irradiation dose       

tGy): 4-25 4-50 4-75 500 5-25 4-25 4-50 4-75 500 5-25 4-25 4-50 4-75 500 5-25 4-25 4-50 475 500 5-25 organ 

Total 
number 

of 
isms 

Aerobic bacteria 
Escherichia coli 
KUbsiella pneumomae 
Enlerobucler aerogenes 
Acinelobacler spp. 
Staphylocotcus epidtrmidis 
Staphylocoecui aureus 
Alpha hem. slreplococcus 
Enlerococcus faecalis 

Anaerobic bacteria 
Peplostreptococcui spp. 

Total 0       0       0 

1       3 

7      0       1 

3      2 
1 
2 

1       1 

1 

21 
3 
5 
5 
3 
4 
6 
3 

3 

53 

'Only three mice were studied on dav 14. 

4. Discussion 

These data demonstrate a relationship between 
the dose of mixed-field radiation to which the ani- 
mals were exposed and the number and type of 
bacteria recovered. Enterobacleriaceae were more often 
isolated from mice exposed to 5-00 and 5-25 Gy, as 
compared with lower sublethal dosages, while aero- 
bic Gram-positive cocci were mostly recovered from 
mice exposed to 4-50 and 4-75 Gy. These data are 
similar to those observed in y-photon-irradiated 
mice (Brook et al. 1986) amd suggest common effects 
of neutron and y-photon irradiation on the host gut 

flora and defenses. However, since the animals 
received a mixture of neutrons and y-photons in this 
study, it is difficult to separate the effects of each type 
of radiation. The beneficial effect of quinolone ther- 
apy on survival of mice exposed to a higher dose of 
irradiation may be related to its activity against 
Enterobacleriaceae. These organisms were mostly re- 
covered from livers of untreated animals and were 
eliminated from mice treated with quinolone. How- 
ever, infection due to quinolone-resistant Gram- 
positive aerobic bacteria still occurred, and probably 
contributed to the mortality of those exposed to a 
high   dose   of radiation.   The   effect   of quinolone 

Table 2.     Bacteria recovered from livers of L-ofloxadn-treated mice irradiated with different doses (5 mice per group were studied 
each day) 

Days after irradiation 

10 14 

Irradiation dose (Gy):      4-25    4-50   4-75   500   5-25    4-25    4-50    4-75   5-00   5-25   4-25   4-50   4-75    5-00   5-25 

Aerobic bacteria 
Escherichia coti 
Staphylocciu aureus 
Staph yloccui epidtrmidis 
Alpha hem. streptococcus 
Streptococcus faecalis 

Anaerobic bacteria 
Peplostreptococcui spp. 

Total 

Total 
number 

of 
organisms 
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Table 3.    Recovery of organisms from livers of CSH/HeN mice irradiated with 4-75 Gy and treated with oral L-ofloxacin and 
i.m. teicoplanin 

Organism 

Davs after irradiation' 

Therapy 12 14 Total 

L-Ofloxacin 1/10 0/8 1/18 
Teicoplanin 6/7 3/5 9/12 
L-Ofloxacin and teicoplanin 4/8 2/3 6/11 
Saline 6/10 4/6 10/16 

L-Ofloxacin 4/10 2/8 6/18 
Teicoplanin 5/7 2/5 7/12" 
L-Ofloxacin and teicoplanin 2/8 1/3 3/llc 

Saline 4/10 2/6 6/16 

Enlerobaclenaceae spp 

Aerobic Gram-positive bacteria 

"Number of animals with bacteria/number of animals studied. 
bEnlerococcm faecalis resistant to teicoplanin (4 of 7). 
c Enlerococcus faecalis resistant to teicoplanin (2 of 3). 

therapy is similar to the one observed in y-photon- 
irradiatcd mice (Brook el al. 1990, Brook and Ledney 
1990). 

The addition of parenteral glycopeptide therapy, 
which was provided to improve the survival of the 
animals by suppressing the emerging Gram-positive 
coccal organisms in the gut, was surprisingly deleter- 
ious. Instead of reducing streptococcal and staphylo- 
coccal infection, mortality rate was enhanced and 
was associated with the emergence of a resistant 
Enlerococcus. The observation of the deleterious effect 
of i.m. glycopeptide may be due to the excretion of 
the agent through the bile into the gastrointestinal 
tract (Geraci 1977) where it can reduce the number 
of strict anaerobic bacteria (Kennedy and Volz 
1985a,b) while selecting a resistant Enlerococcus. 

The reduction in the number of anaerobic bac- 
teria in the gut flora may promote the proliferation 

of fungal species as well as antimicrobial-resistant 
bacteria. The findings of this study suggest that oral 
glycopeptide therapy can select an E. faecalis, resis- 
tant to both glycopeptides and quinolones. An 
increased frequency of recovery of these organisms 
was also reported in immunocompromized patients 
treated with vancomycin (Judeja el al. 1983, Green el 
al. 1991). Although quinolone therapy reduced the 
number of Enlerobacteriaceae in the gut, the emergence 
of new pathogens was detrimental to the host. The 
emergence of a glycopeptide-resistant E. faecalis is an 
alarming observation, and if this phenomenon 
occurs in patients it will undoubtedly be of grave 
clinical consequence and should discourage overuse 
of glycopeptide therapy. 

Vancomycin therapy was found to suppress the 
number of enteric bacilli population levels in mice 
and to promote Candida albicans fungemia (Kennedy 

Table 4.     Recovery of organisms from livers of C3H/HeN mice irradiated with 4-75 Gy and  treated with oral L-ofloxacin and 
oral vancomvein 

Organism 

Days after irradiation' 

Therapy 12 14 Total 

L-Ofloxacin 0/10 0/8 0/18 
Vancomvein 7/10 4/7 11/17 
L-Ofloxacin and vancomvein 2/10 0/3 2/13 
Saline 6/10 5/9 11/19 

L-Ofloxacin 2/10 4/8 6/18 
Vancomvein 3/10 2/7 5/17' 
L-Ofloxacin and vancomvein 4/10 3/3 7/13' 
Saline 3/10 2/9 5/19 

Enlerobaclenaceae spp. 

Aerobic Gram-positive bacteria 

'Number of animals with bacteria/number of animals studied. 
b Enlerococcus Jaecahs resistant to vancomycin   3 of 5). 
" Enlerococcus Jaecahs resistant to vancomycin (2 of 7). 
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and Volz 1985a,b, Green c/a/. 1991). Administration 
of vancomycin to patients with acute lymphocytic 
leukaemia promoted proliferation of Candida organ- 
isms in the gastrointestinal tract and increased the 
risk of candidemia (Ricket et al. 1991). 

Although parenteral glycopeptide therapy has an 
important role and has been used for over two 
decades in the management of febrile neutropenic 
patients (Hathorn et al. 1987), this present study 
highlights the risk associated with administration of 
glycopeptide therapy alone or in combination with a 
quinolone in an effort to prevent or abort bacterial 
infection following mixed-field irradiation. An 
increased risk of secondary bacterial infection was 
recently observed in patients receiving oral vanco- 
mycin therapy (Winston et al. 1990). Further studies 
are warranted to elucidate the mechanisms of emer- 
gence of bacterial resistance in response to such 
therapy. This animal model of failure of glycopep- 
tide therapy in an immunocompromized host may 
be useful in understanding and overcoming the 
problem. 
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We had previously shown that there was a loss of sensitivity of 
muscarinic receptors (mAChR) to stimulation by cholinergic 
agonists (as assessed by examining oxotremorine enhancement 
of K+-evoked release of dopamine from neostriatal slices) in 
animals that had been exposed to energetic particles (56Fe, 600 
MeV/n), an important component of cosmic rays. This loss of 
mAChR sensitivity was postulated to be the result of radiation- 
induced alterations in phosphoinositide-mediated signal trans- 
duction. The present experiments were undertaken as a first 
step toward determining the locus of these radiation-induced 
deficits in signal transduction by examining K+ enhancement of 
release of dopamine in 56Fe-exposed animals (0, 0.1, and 1.0 
Gy) with agents |A23187, a potent Ca2+ ionophore, or 1,4,5-ino- 
sitol trisphosphate (IP3)| that "bypass" the mAChR-G protein 
interface and by comparing the response to oxotremorine-en- 
hanced K+-evoked release of dopamine. Results showed that al- 
though oxotremorine-enhanced K+-evoked release of dopamine 
was reduced significantly in the radiation groups, no radiation 
effects were seen when A23I87 or IPj was used to enhance K+- 
evoked release of dopamine. Since similar findings have been 
observed in aging, the results are discussed in terms of the paral- 
lels between aging and radiation effects in signal transduction 
that might exist in the neostriatum.   © 1993 Academic Press, inc. 

INTRODUCTION 

Among the myriad of problems that must be solved if 
astronauts are to travel to distant planets in our solar sys- 
tem, such as Mars, are those dealing with the effects of long- 
term exposure to space radiation, such as cosmic rays [for 
reviews, see Refs. (7-5)]. Such considerations will become 

1 Presenl address: Laboratory of Cellular and Molecular Biology. Geron- 
tology Research Center/NIA, 4940 Eastern Ave., Baltimore, MD 21224. 

2 Present address. Division of Basic Research. National Institute on Alco- 
hol Abuse and Alcoholism, Rockville. MD 20857. 

' Present address. Department of Psychology. University of Maryland, 
Baltimore County, Catonsville, MD 21228. 

especially important because shielding against heavy parti- 
cles such as 56Fe, an important component of cosmic rays, 
is presently very difficult. In attempts to elucidate these 
effects, our research has focused on the consequences of 
whole-body exposure to 56Fe particles (600 MeV/n) on mo- 
tor behavioral performance and related neurochemical pa- 
rameters of the corpus striatum in rats. This structure has 
been shown to mediate a variety of motor behavioral func- 
tions such as coordination and muscle strength [for reviews, 
see Refs. {6-8)]. 

In our initial experiment (9), motor behavior was as- 
sessed in various groups of rats at 12 h to 14 days after 
56Fe-particle irradiation by examining the length of time 
that a rat could remain suspended by its forepaws from a 
wire. Biochemical assessments of striatal function were 
carried out immediately after the behavioral tests and up to 
180 days after irradiation by determining the sensitivity of 
muscarinic acetylcholine receptors (mAChR)4 to stimula- 
tion by muscarinic agonists. This latter assessment was 
made by examining the oxotremorine (OXO)-enhanced 
K+-evoked release of dopamine (DA) from perifused stria- 
tal slices obtained from these animals. The results indicated 
that profound decrements occurred in both indices. The 
effects on K+-evoked release of DA were evident as early as 
12 h after irradiation and were seen as long as 180 days after 
irradiation. 

Thus, there were deficits in the sensitivity of mAChR to 
agonist stimulation. However, the locus of these deficits 
within putative mAChR-initiating phosphoinositide (PI)- 
mediated signal transduction pathways remained unre- 
solved by these studies. The mAChR are linked to G pro- 
teins, which are heterotrimers composed of a/JF subunits. 
After stimulation of mAChR (specifically the Pi-linked M, 
and M3 subtypes) in the presence of Mg2+, there is an ex- 
change of GTP for GDP on the a subunit (70). The acti- 
vated Q:GTp subunit dissociates from the fiT subunits and 
interacts with effector molecules of phospholipase C, which 
catalyzes the cleavage of phosphatidylinositol 4,5-bisphos- 

4 Abbreviations used: DA. dopamine; HPLC, high-performance liquid 
chromatography; IPj, 1,4,5,-inositol trisphosphate; mAChR, muscarinic 
acetylcholine receptors; OXO. oxotremorine; PI, phosphoinositide. 
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phosphate (PIP2). One product resulting from this reaction 
is 1,4,5-inositol trisphosphate (IP3), one of the second mes- 
sengers of this system (77, 12). An intrinsic low-A^ GTPase 
activity of the a subunit hydrolyzes GTP to GDP, releasing 
inorganic phosphate (Pj) and aaDp, and reassociates with 
(SF, ending the activation cycle {13, 14). IP3 acts to evoke 
the quantal (75) release of Ca2+ from internal stores to carry 
the impulse further or impinge upon an effector. It is clear 
that alterations induced by exposure to 56Fe particles at any 
point in this signal transduction pathway could affect the 
responsiveness of mAChR to agonist stimulation, resulting 
in reduced Ca2+ mobilization, alterations in neuronal pro- 
cessing, and ultimately, reduced behavioral performance. 

As a first step toward making these analyses, the present 
experiment was carried out to determine if the locus of the 
deficit in mAChR-initiating Pi-mediated signal transduc- 
tion after exposure to 56Fe particles occurred after the re- 
ceptor-G protein complex in the biochemical pathway of 
signal transduction. For that reason we chose to examine 
K+-evoked release of DA in striatal tissue from rats exposed 
to 56Fe particles by "bypassing" this complex and stimulat- 
ing signal transduction at later points in the pathway. In 
this regard, K+-evoked release of DA was assessed after ap- 
plication of IP3 or A23187 [a potent Ca2+ ionophore (76)] to 
perifused striatal slices from irradiated and control animals. 

MATERIALS AND METHODS 

Animals 

Male Sprague-Dawley Crl:CD(SD)BR rats (Charles River Laboratories, 
Kingston, NY) weighing 200-300 g were used in these experiments. The 
rats were housed at an AAALAC-accredited vivarium at the Lawrence 
Berkeley Laboratory (LBL), Berkeley, CA. The rats were maintained in 
polycarbonate cages that contained autoclaved hardwood contact bedding 
(Beta Chip, Northeastern Products Corp., Warrensburg, NY). They were 
given food and water ad libitum. The animal holding rooms were kept at 
21 ± 10C with 50 ± 10% humidity. 

Radiation and Dosimetry 

Rats were exposed to whole-body irradiation with high-energy 56Fe par- 
ticles (600 MeV/n) produced by the BEVALAC at LBL, In each experi- 
ment one rat was irradiated at a time. This energy provided a Bragg curve 
with the plateau region extending 8 cm in water. Since the diameter of the 
rat (including the plastic restrainer) was 7 cm, the animals were within this 
plateau region of the curve. Entrance dose measurements were made by 
the staff of the BEVALAC facility using parallel-plate ionization chambers 
with Mylar windows and N2 gas flow positioned in the beam line (17, 18). 
The rats were irradiated in well-ventilated plastic holders. Rats were given 
one of three doses (0.0, 0.1, or 1.0 Gy) at a dose rate that averaged 1 
Gy/min. The specified doses were received by all organs. 

Perifusion Procedure 

At 2-3 days after irradiation the animals were killed by decapitation; 
their brains were removed quickly, and the striata were dissected rapidly 
on ice. The tissue was then treated as described previously (9, 16, 19, 20). 
Briefly, cross-cut striatal slices (300 Mm) were prepared from each animal 
using a Mcllwain tissue chopper (Westbury, NY); slices from each animal 

in the individual experimental and control groups were pooled and were 
placed into small glass vials that contained a modified Krebs-Ringer basal 
release medium containing 21 rt\M NaHCO,, 3.4 mA/glucose, 1.3 mM 
NaH2P04, 1 mM EGTA, 0.93 mM MgCl2, 127 mM NaCl, and 2.5 mM 
KC1 (pH 7.4). The medium had been bubbled for 30 min with 95% 02/5% 
C02. Slices from each vial were washed twice in this medium and aliquots 
were placed into the chambers of a perifusion apparatus. After being 
placed in the chambers of the perifusion apparatus, the tissue was allowed 
to equilibrate for 30 min while being perifused continuously with basal 
release medium at a rate of 124 ^l/min. Gillson peristaltic pumps (Middle- 
ton, WI) controlled the flow rate of the medium. After the equilibration 
period, a 5-min baseline fraction was collected on ice. The tissue was then 
exposed to a HiKCl (release) medium that contained 30 mM K.C1, 1.26 
mM CaCl2, and 57 mM NaCl, as well as the other components described 
above (pH 7.4). The tissue from each control or radiation group, depend- 
ing upon the particular experiment, was treated with one of the agents 
(delivered in the release medium) under study. These included: (a) 100 nM 
of A23187 (Behring Diagnostics, La Jolla, CA), (b) 20 MM IP, (Sigma, St. 
Louis, MO) (c) 500 nM OXO, or (d) HiKCl alone. Five-minute fractions 
continued to be collected on ice for 30 min. The fractions were collected 
into tubes containing 0.3 ml of cold 0.4 A/perchloric acid, 0.05% sodium 
metabisulfite, and 0.10% EDTA. These samples were then stored at -80°C 
for later analysis of DA using high-performance liquid chromatography 
(HPLC) coupled to electrochemical detection. 

The HPLC system consisted of a Varian Model 5000 ternary chromato- 
graph, a Varian 401 data system, a Varian Model 8055 autosampler, and a 
Valco air-actuated injector with a 50-ml loop (all from Varian Associates, 
Sunnyvale, CA). The effluent was monitored with a Bioanalytical Systems 
LC-4B amperometric detector using a glassy carbon electrode. The detec- 
tor potential was set at 0.72 V as an Ag/AgCl2 reference electrode with a 
sensitivity of 10 nA/V. The mobile phase consisted of a filtered, degassed 
100 mM KH2P04 buffer containing 3 mM 1 -heptanesulfonic acid, 100 pM 
EDTA, and 8% (V/V) acetonitrile (pH 3.6.) The components were eluted 
off a Waters 10 ^m particle, ^Bondapak Qg reverse-phase column (30 x 
0.39 cm; flow rate, 1 ml/min) maintained at 30oC. Results were calculated 
relative to known previous standards that were analyzed on the HPLC 
under similar conditions. Data were expressed as pmol/mg protein as ana- 
lyzed using the procedure of Lowry et al. (21). 

Data Analysis 

Data from the perifusion experiments were analyzed by first computing 
difference scores by subtracting the peak amount (pmol/mg protein) of DA 
released to the release medium alone from that released under each of the 
other conditions (i.e., OXO, A23187, IP,; see Results). These difference 
scores were then analyzed by analyses of variance and post-hoc (tests. 

RESULTS 

Release of DA to HiKCl Alone 

An examination of the release of DA to HiKCl indicated 
that there were significant differences among the groups 
[F(2,52) = 6.25, P < 0.005], Subsequent post-hoc / tests 
revealed that the 1.0-Gy group had significantly higher re- 
lease of DA than either the 0.1-Gy or control groups [/(53) 
1.0 Gy vs 0.1 Gy = 3.62, P < 0.001; 1.0 Gy vs control = 
2.59, P < 0.02]. The release of DA in the 0.1-Gy group did 
not differ significantly from that in the control group (0.1 
Gy vs control t < l,P> 0.05). For this reason subsequent 
analyses of the degree of enhancement by OXO, IP3, or 
A23187 were carried out by analyzing the differences be- 
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Control       0.1  Gy    1.0 Gy Control       0.1  Gy    1.0 Gy 

FIG. I. Effects of exposure to 0.1 or 1.0 Gy of 56Fe particles on the 
release of dopamine (DA) stimulated by oxotremorine (OXO), 1,4,5-inosi- 
tol triphosphate (IP3), or A23187. 

tween HiKCl and the respective pharmacological treat- 
ment. 

Enhancement of Release of DA by Oxotremorine, IP3, or 
A23187 

Comparisons ofA23187 and oxotremorine. As shown 
in Fig. 1, there were differences among the groups in the 
ability of A23187 or OXO to enhance the release of DA 
from striatal tissue. Analysis of variance revealed these dif- 
ferences to be significant [F test for radiation condition X 
OXO-A23187 (2,32)= 15.85, P^.OOl]. Subsequent Dun- 
can's post tests (df= 32) showed that OXO-enhanced K+- 
evoked release of DA was significantly greater in the non- 
irradiated group than that by either the 0.1-Gy (P < 0.001) 
or 1.0-Gy {P < 0.001) irradiated groups, and that the irra- 
diated groups did not differ from each other {P > 0.05). 
There were no differences among the various groups in the 
A23I87 enhancement of K+-evoked release of DA (all P 
values > 0.05, Duncan's tests). However, as can be seen 
from Fig. 1, A23187 produced significantly less enhance- 
ment of K+-evoked release of DA than OXO in the control 
group (Duncan's test, P < 0.05). Because it was possible 
that the failure to find any group differences in the enhance- 
ment of K+-evoked release of DA by A23187 was the result 
of reductions in the responses of the tissue from the con- 
trols, we also examined the differences between the effect of 
OXO and A23187 on K+-evoked release of DA within each 
irradiated group. Duncan's tests revealed significant differ- 
ences in both groups (0.1 Gy A23187 vs 0.1 Gy OXO, P < 
0.01; 1.0 Gy A23187 vs 1.0 Gy OXO, P < 0.05), indicating 
that A23187 was significantly more efficacious than OXO 
in enhancing K+-evoked release of DA in these irradiated 
groups. 

Comparisons ofIP3 and oxotremorine. Similar results 
were seen with respect to IP3 and OXO. As shown in Fig. 1, 

IP3 was more effective in enhancing K+-evoked release of 
DA than OXO in the irradiated groups [Ftest for radiation 
condition X OXO-IP3 (2,27) = 9.21, P< 0.001 ]. There were 
no differences among the various groups in ^-enhanced 
K+-evoked release of DA (Duncan's tests, all ft > 0.05), 
while as shown above, enhancement of K+-evoked release 
of DA was seen only in the control (nonirradiated) groups. 
However, as with A23187, enhancement of K+-evoked re- 
lease of DA by IP3 was actually less than that seen with 
OXO in the control group (Duncan's test, P < 0.5; df= 21). 
Thus we also examined the differences between IP3 and 
OXO in the irradiated groups. Comparisons between IP3 
and OXO within each irradiated group indicated that there 
was a significant difference between enhancement of K+- 
evoked release of DA by OXO and IP3 in the 1.0-Gy group, 
indicating that IP3 was effective in enhancing the release of 
DA in this group (see Fig. 1), but this effect was not seen in 
the 0.1-Gy group. Thus these findings indicated that both 
IP3 and A23187 were more effective than OXO in enhanc- 
ing K+-evoked release of DA in the 1.0-Gy group, while the 
reverse was true for the control group. 

DISCUSSION 

The present results showed that once the initial "steps" in 
the signal transduction sequence were "bypassed," and 
Ca2+ was mobilized directly by the addition of A23187, 
enhancement of K+-evoked release of DA was significantly 
greater in both irradiated groups (0.1 and 1.0 Gy) than it 
was in OXO groups. Similar results were seen with respect 
to the enhancement of K+-evoked release of DA by IP3. 
However, in this case statistically significant effects of IP3 
were seen only in the 1.0-Gy group. The 0.1-Gy group 
showed a trend toward an increase, but it was not signifi- 
cant. 

While both A23187 and IP3 appeared to have greater ef- 
fects than OXO in the irradiated groups, they were less ef- 
fective than OXO in the controls. While we cannot explain 
the loss of effectiveness of these compounds in the controls, 
these data suggest that the signal transduction initiated by 
mAChR in the irradiated rats is primarily intact below the 
ligand-mAChR-G protein interface. Preliminary results 
from ongoing experiments undertaken to determine the 
locus of the radiation-induced deficits in mAChR signal 
transduction support this hypothesis. They have revealed 
that this decrement occurs early in the process and proba- 
bly involves alterations in the signal transduction process, 
possibly in the mAChR or its respective G protein. There 
are three critical areas that may be important. First, there 
may be radiation-induced neuronal loss which includes re- 
ductions in mAChR concentrations. It is known that expo- 
sure to 56Fe at these doses can produce profound neuronal 
loss in the substantia nigras (Joseph et al, in preparation). 
There is also some evidence in aged animals which suggests 
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that the degree of OXO-enhanced K+-evoked release of DA 
is dependent on the number of striatal mAChR (22). If this 
is also true after irradiation, then this would also contribute 
to the reductions in OXO-enhanced K+-evoked release 
of DA. 

A second area that may contribute to these reductions 
probably involves radiation-induced deficits mAChR-G 
protein coupling (the first step in signal transduction). At 
least two indices of receptor-G protein coupling appear to 
be altered in the striata of irradiated rats: (a) the ability of 
the receptor to uncouple from its respective G protein (Jo- 
seph el al., in preparation) and enter a low-affinity state 
upon stimulation, and (b) the ability of muscarinic agonists 
to stimulate low-A^ GTPase activity.5 

Third, it is also possible that the free radicals produced 
during heavy-particle irradiation may induce neuronal 
membrane structural and functional alterations that may 
involve changes in lipid content, increases in membrane 
rigidity, or protein crosslinking (23). These membrane 
changes probably occur through free radical-induced lipid 
peroxidation. 

We are presently carrying out experiments on putative 
effects of free radicals on membranes. However, until they 
are completed some evidence can be extrapolated from the 
findings in animals where damage from free radicals has 
taken its toll on central nervous system function. Extensive 
research has indicated that senescent organisms represent 
one such group (24-26). It has been postulated for a num- 
ber of years that the accumulated effects of free radicals 
produced during normal metabolism are responsible for the 
alterations in the structure and function of membranes seen 
in senescence (23). 

Thus, when these same parameters [i.e., motor behavior 
(6. 7) and enhancement of K+-evoked release of DA by 
OXO (20)] were examined in middle-aged (12 months) and 
aged (24 months) rats, similar deficits were observed. These 
experiments indicated that there were declines in motor 
behavior and OXO-enhanced K+-evoked release of DA 
that were similar to those found in irradiated animals. Sub- 
sequent experiments have shown that: (a) A23187 or IPj 
applied to striatal slices obtained from senescent rats 
yielded results similar to those seen here, (b) carbachol- 
stimulated low-A^ GTPase activity is reduced in striatal 
tissue obtained from aged animals (27), and (c) the ability 
of mAChR to uncouple from or remain coupled to its re- 
spective G protein is altered during aging (28). 

Taken together, these results suggest that the deficits in- 
duced by exposure to 56Fe particles or those that occur dur- 
ing aging may involve alterations in membrane integrity 
through lipid peroxidation. These changes, in turn, can 

alter the responsiveness, integrity, and transduction in a 
variety of systems. In the present case it could mean that 
radiation-induced alterations in the membrane may alter 
mAChR-G protein coupling/uncoupling, resulting in de- 
creased receptor sensitivity. 

These experiments provide further evidence for the 
"age-radiation parallel" hypothesis (29-32). However, 
there are at least two other important implications of these 
findings: (a) Since many of the astronauts are middle-aged 
or approaching middle age, these particles will be imping- 
ing upon nervous systems that are already showing the dele- 
terious effects of age. Thus there may be immediate or de- 
layed (as the individual continues to age) effects upon mo- 
tor or cognitive performance, (b) Since oxidative damage 
may also be responsible for the deficits seen in aging, as well 
as in diseases such as tardive dyskinesia (33), Parkinson's 
disease (34), and Alzheimer's disease,6 continued efforts to 
use radiation and aging models in concert should provide 
useful information on the role of lipid peroxidation in- 
duced by free radicals in central neuronal function. 
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ABSTRACT The importance of glial cells in controlling the neuronal microenviron- 
ment has been increasingly recognized. We now demonstrate that glial cells play an 
integral role in hippocampal synaptic transmission by using the glial-specific metabolic 
blocker fluoroacetate (FAC) to selectively inhibit glial cell function. FAC inhibits evoked 
intracellular postsynaptic potentials (PSPs; IC50 = 39 pM) as well as population PSPs 
(IC50 = 65 tJ-M) in field CA1 of the guinea pig hippocampal slice. Spontaneous synaptic 
transmission is concurrently decreased. These effects are time and dose dependent. ATP 
concentrations in glial but not neuronal elements are also significantly reduced with 
FAC treatment. Simultaneous application of the metabolic substrate isocitrate with FAC 
prevents both the reduction in glial ATP concentrations and the decrease in evoked PSPs. 
Given that isocitrate is selectively taken up by glia, these data further support a glial 
specific metabolic action of FAC. Additionally, FAC has no postsynaptic effects as peak 
responses to iontophoretically applied glutamate are unchanged. However, the decay of 
both iontophoretic and evoked PSPs are prolonged following FAC treatment suggesting 
inhibition of glutamate uptake may contribute to the FAC-induced depression of synaptic 
potentials. These results show, for the first time, that glial cells are critical for mainte- 
nance of synaptic transmission and suggest a role for glial cells in the modulation of 
synaptic efficacy.        .<   1994 Wiley-Liss, Inc. 

INTRODUCTION 

Glial cells, long thought to be simply support cells in 
the CNS, have recently been identified as a more dy- 
namic class of cells whose functions are quite varied 
(Barres, 1991; Cornell-Bell et al., 1990a; Cornell-Bell 
and Finkbeiner, 1991; Finkbeiner, 1992; Kollegger et 
al., 1991; Martin, 1992). Glial cells are known to influ- 
ence ionic balance and to take-up and metabolize cer- 
tain neurotransmitters such as glutamate, the putative 
excitatory neurotransmitter in the hippocampus (Erecin- 
ska, 1990; Erecinska et al, 1986; Paulsen and Fonnum, 
1989; Schousboe et al., 1977; Walz, 1989). Glial-neu- 
ronal interactions begin early in development (Hatten, 
1990; Hatten and Mason, 1990) and glial cells play an 
active role in neuronal maturation and migration 
(Krysotek and Seeds, 1981; Moonen et al., 1982). Re- 
cent evidence suggests that glial cells express a variety 
of neurotransmitter and hormonal receptors (Hansson, 

(<:> 1994 Wiley-Liss, Inc. 

1989; Murphy and Pearce, 1987; von Blankenfeld and 
Kettenmann, 1991) and respond to receptor activation 
via classic ionotropic and second messenger pathways 
(Hansson, 1989; Murphy and Pearce, 1987; von Blan- 
kenfeld and Kettenmann, 1991), as well as with mor- 
phological alterations (Cornell-Bell et al., 1990b; Noble 
et al., 1992; Wenzel et al., 1991). These findings indi- 
cate that communications between glia and neurons 
persist in the mature CNS and suggest that glial-neu- 
ronal coupling plays a role in synaptic transmission. 

While glial modulation of synaptic interactions has 
been a topic of investigation for several years, a require- 
ment for glia in the maintenance of these interactions 
has not been thoroughly explored. We now present evi- 
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dence to suggest, for the first time, that glial cells play a 
critical role in the maintenance of synaptic transmis- 
sion. 

MATERIALS AND METHODS 

Male Hartley guinea pigs were anesthetized with iso- 
flurane and euthanized via cervical dislocation. The 
brain was rapidly removed, hemisected, and placed in 
ice-cold artificial cerebrospinal fluid (ACSF) containing 
(in mM): 124 NaCl, 3 KC1, 2.4 CaCl2, 1.3 MgS04, 1.24 
KH2P04, 10 glucose, and 26 NaHC03, pH 7.4. The hip- 
pocampus was dissected from cerebral hemispheres, and 
slices (450 (xm) were made using a Mcllwain tissue 
chopper. Slices were allowed to incubate in oxygenated 
ACSF at room temperature for at least 1.5 h prior to 
use. Slices were transferred to a submerged slice re- 
cording chamber (Zbicz design) and continuously per- 
fused with oxygenated ACSF and maintained at 30 ± ioc. 
All drugs used were dissolved in ACSF and perfused at 
a rate of 1-2 ml/min. 

The pyramidal cell layer of CA1 was visually identi- 
fied under a dissecting microscope and neurons were 
impaled with glass microelectrodes (20^40 Mfl) filled 
with 2 M KC1 or 2 M K-Acetate as previously described 
(Pellmar, 1987). Acceptable neurons had resting mem- 
brane potentials of -60 mV or greater with input resis- 
tances above 30 Mil. Data were collected using a Dagan 
8100 under current clamp mode using the switching 
circuitry. 

Postsynaptic potentials (PSPs) were evoked with a 
concentric bipolar stainless steel stimulating electrode 
placed in stratum radiatum of the hippocampal slice. 
Holding current (50-200 pA) was often passed to hyper- 
polarize cells (-70 to -80 mV) so that 5-15 mV PSPs 
could be reliably elicited without evoking action poten- 
tials. At these membrane potentials, inhibitory PSPs 
are very close to their reversal potential and minimally 
contribute to the PSPs recorded with 2 M potassium 
acetate-filled electrodes. In experiments using 2 M KC1- 
filled electrodes, the chloride equilibrium potential (and 
consequently the inhibitory PSP reversal potential) is 
shifted and the recorded PSP is a mix of excitatory and 
inhibitory potentials. Results were similar under both 
recording conditions. 

Glutamate was applied by iontophoresis. A glass ion- 
tophoretic microelectrode was filled with 0.5 mM gluta- 
mate and positioned in stratum radiatum in close prox- 
imity to the impaled neuron. Currents between 10-100 
nA (5-50 ms duration) were used to eject glutamate. 
Bias currents up to 20 nA were applied to prevent leak- 
age. Once responses to glutamate were established, trans- 
mitter was iontophoretically applied at 1 min intervals 
in all experiments. 

For ATP measurements, whole hippocampal slices 
were incubated in 50 ml of control oxygenated ACSF for 
30 min at 29-31aC. Drugs were added directly to control 
ACSF and slices incubated an additional 30 min. Slices 
were then removed and placed in 1 ml of 0.1% NaOH in 

control ACSF and rapidly frozen in liquid nitrogen. C6 
glioma cells and synaptosomes were handled in similar 
fashion except that the incubation volume was reduced 
to 2 ml. ATP was measured with the Bioluminescent 
Somatic Cell Assay Kit for ATP (Sigma Chemical Co., 
St. Louis, MO). Slices were rapidly thawed, homoge- 
nized, and kept on ice. Light emissions were measured 
on a Picolite Luminometer System (model 6500). ATP 
standards were measured at the beginning and end of 
each set. Protein for each group was measured using 
the Bio-Rad Protein Assay (Bio-Rad, Richmond, CA). 
All measurements were taken in triplicate, averaged 
and expressed as nmol ATP/mg protein. For analysis 
data were expressed as the percent change from the 
paired control. Each single sample reflects either a) 
three hippocampal slices, b) one 75 sq cm flask of con- 
fluent C6 glial cells, or c) synaptosomes harvested from 
one hippocampus. 

C6 cells, a rat glial tumor cell line, were obtained 
from American Type Culture Collection (Rockville, MD). 
Cells were grown in 75 cm2 flasks (Corning) and main- 
tained at 370C in a humidified Lunaire incubator (Model 
BIO 613G, Williamsport, PA) oxygenated with 95% 02, 
5% C02. Culture media was composed of (in %) 41.25 
Ham's F-10, 41.25 DMEM, 15.0 horse serum, 2.5 fetal 
bovine serum, and supplemented with 2.96 mg/100 ml 
penicillin G (GIBCO, Grand Island, NY). Fresh media 
was added at 24 h after plating and every other day 
thereafter. Cells were subcultured at 5-7 days at a ratio 
of 1:3. All C6 cells used in these experiments were from 
passages 37^46. Preparation for experimental use con- 
sisted of detachment with 0.25% trypsinized media, cen- 
trifugation at 300g for 15 min, and resuspension of the 
pellet in 2 ml of control ACSF. Cell preparations were 
used immediately. 

Synaptosomes (P2 fraction) were prepared by selec- 
tive centrifugation as previously described (Dodd et al., 
1981; Oilman et al., 1986). Hippocampal slices were 
prepared as described above. The hippocampal CA1 field 
was dissected and placed in 10 volumes of ice-cold 0.32 
M sucrose buffered with Tris-HCL, pH 7.4. The tissue 
was then minced and dispersed using a motor-driven 
homogenizer. Centrifugation was carried out at 30C in a 
Sorvall Superspeed RC2-B centrifuge. The initial ho- 
mogenate was centrifuged at 3,000g for 10 min to yield 
a crude nuclear pellet and a low-speed supernatant. 
The supernatant was transferred and centrifuged at 
13,000g for 30 min to yield a synaptosomal pellet (P2 
fraction). The supernatant was discarded and the pellet 
resuspended in 2 ml of control ACSF. The preparation 
was kept on ice and used within an hour after final 
centrifugation. 

RESULTS 

The glial specific metabolic inhibitor fluoroacetate 
(FAC) decreased synaptic potentials in pyramidal cells 
in field CA1 of hippocampal slices. At a concentration of 
100   \iM,   FAC   gradually   depressed   evoked   PSPs 



GLIAL CELLS AND HIPPOCAMPAL NEUROTRANSMISSION 

A B 

239 

J 0.1 mV 
2 ms 

-—j '■W* ' /*—u^y^^^^-MiI^K^. 

 tW^«^^"*«»."^»t'« IMIII,' ^ 

^KWII.III <n|iiin liS!■■ i<*'**ii|<.»^i^'>iyi,H'»<'«-iiti^nj 

_l 5mV 
50 ms 

D 
100 

10 100        1000 

FAC (nM) 

Fig. 1. Fluoroacetate inhibits evoked and spontaneous hippocampal 
neurotransmission through a block in glial metabolism. A: Intracellu- 
larly recorded PSPs are inhibited by FAC. Traces are the average of 
five consecutive PSPs recorded in control ACSF (arrow) and 30 min 
following application of 100 JJLM FAC. On this and subsequent traces 
stimulation artifact has been eliminated for clarity (solid arrow head). 
Membrane potential = -74 mV. B: FAC reduces field PSPs recorded 
in CA1 stratum radiatum. Traces are the average of 5 consecutive field 
PSPs recorded in control (arrow) and 30 min following FAC (100 |a,M) 
application. C: Spontaneous as well as evoked PSPs are inhibited by 
FAC. The top two traces, recorded consecutively, show evoked PSPs 

and spontaneous PSP activity in control ACSF. The bottom two traces 
depict the depression of the evoked PSP and the decrease in spontane- 
ous PSP frequency. Membrane potential = -70 mV. D: FAC inhibits 
PSPs in a dose-dependent manner. Percent reduction in PSP slope, 
intracellular recording, is plotted against increasing concentrations of 
fluoroacetate. IC50 = 39.0 ±11.4 (JM. Data points are the mean of 4-8 
separate experiments ± S.E.M. recorded 30 min following fluoroace- 
tate application and expressed as a percent of control measurements 
in ACSF. The curve represents the function y = b * x/(x + a) computer 
fit to the data points where a = the IC50 and b = the maximal effect. 

(68.9 ± 6.6% decrease; N = 8) with a latency to onset 
approximately 15-20 min following FAC application. 
Figure 1A illustrates averaged intracellular recordings 
of typical evoked PSPs observed in control ACSF (ar- 
row) and following a 30 min application of FAC in a 
hippocampal slice preparation. Membrane potential 
(CON = -74.2 ± 1.1 mV; FAC = -73.2 ± 1.2 mV) and 
membrane resistance (CON = 36.5 ± 3.5 Mil; FAC = 
38.0 ± 3.1 mil) of the neurons were not affected. FAC 
produced a similar decrease in extracellular field po- 
tentials recorded in stratum radiatum of field CA1 (Fig. 
IB). Intracellularly recorded, spontaneous synaptic ac- 
tivity was attenuated concomitantly with the decline of 
the evoked PSP (Fig. 1C). The evoked PSP continued to 
decline through a 30 min wash with control ACSF. Spon- 
taneous synaptic activity frequently recovered, but only 
partially. FAC (100 |xM) was effective in all slice prepa- 
rations tested (15/15 slices). 

The dose-response relationship (Fig. ID) revealed a 
sharp concentration dependence of FAC with little al- 
teration in the evoked PSP at 5 ^LM and maximal de- 
pression at 100 (xM (IC50 = 39.0 ± 11.4 pM). A similar 
dose-response relationship was observed for recorded 
field PSPs (IC50 = 65.0 ± 11.1 (AM; data not shown). 

To test the contribution of glial metabolism to the 
mechanism of FAC-induced PSP depression we pre- 
treated slices with isocitrate (ISO), a metabolic sub- 

strate preferentially taken up by glia. ISO was added to 
control ACSF at a concentration of 1 or 3 mM; 10 mM 
glucose was present. Since both concentrations of ISO 
had identical effects, the data have been pooled. ISO 
had no direct effect on evoked PSPs yet inhibited FAC- 
induced PSP depression (Fig. 2). In fact, in the presence 
of ISO, FAC caused a small net increase in PSP slope 
(43.2 ± 19.4%, N = 6). ISO added to ACSF without glu- 
cose was not able to support slice electrophysiology. 
Glutamine (1 mM), a substrate that is both converted to 
a-ketoglutarate for entry into the tricarboxylic acid cy- 
cle (TCA) cycle and taken up by presynaptic nerve ter- 
minals for the production of glutamate, also attenuated 
FAC-induced PSP depression (8.6 ± 1.8% decrease; 
N = 3). 

The specificity of FAC for glial metabolism was eval- 
uated by measuring ATP concentrations in prepara- 
tions of glial and neuronal elements. To measure ATP 
concentration, whole hippocampal slices were incubated 
in either control ACSF, ACSF plus 1 mM FAC or ACSF 
plus 1 mM FAC and 3 mM ISO for 30 min at 29-310C. 
The metabolic inhibitor was effective in decreasing ATP 
levels in the slice preparation (Fig. 3). FAC depleted 
ATP concentration by 35% compared to control slices 
(P < 0.05). ISO prevented the metabolic effects of FAC 
just as it had the electrophysiological effects of FAC. 
Slices incubated in the presence of FAC and ISO showed 
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Fig. 2. Isocitrate pretreatment prevents FAC-induced PSP depres- 
sion. A: Representative trace from a cell recorded in control ACSF 
superimposed on a trace recorded following a 30 min application of 
isocitrate (3 mM). No change is detected. B: Trace recorded following a 
30 min application of FAC + ISO (FAC = 100 p.M) superimposed on 
the same control + isocitrate trace shown in A. (arrow). No depression 
of the PSP is observed. Membrane potential = — 69 mV. 
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Fig. 4. A: Fluoroacetate does not act postsynaptically. Depicted are 
single traces, recorded intracellularly, following iontophoretic applica- 
tion (10 ms) of glutamate (0.5 M; retention current 4 nA, ejection 
current 200 nA) in control ACSF (arrow), and 30 min following appli- 
cation of 100 n.M FAC. Fluoroacetate does not alter the peak of the 
response to glutamate. However, prolongation of the response is evi- 
dent. Membrane potential = — 79 mV. B: FAC prolongs the decay of 
evoked PSPs. Superimposed are averaged traces from control (arrow) 
and 30 min following FAC (100 p.M) application. The amplitudes of the 
PSPs have been normalized to illustrate the increase in decay time 
with FAC. Actual amplitudes are control = 10.3 mV and FAC = 3.7 
mV. Membrane potential = -73 mV. 

FAC + ISO 

HIPPOCAMPAL 
SLICE 

GLIA SYNAPTOSOME 

Fig. 3. Fluoroacetate decreases ATP levels in glia in an isocitrate 
sensitive manner. FAC was applied 30 min prior to the quick freezing 
of specimens in liquid nitrogen. Isocitrate (ISO) was added 30 min 
prior to the addition of FAC. Data are presented as percent of control 
measures. *Significantly different from control (P < 0.05; two-tailed 
Student's t-test). Control ATP levels were; hippocampal 
slice = 7.44 ± 2.18 nmol/mg protein, C6 glia = 32.08 ± 6.9 nmol/mg 
protein, and synaptosomes = 9.78 ± 1.6 nmol/mg protein and agree 
with previously reported measurements (Crumrine and Lamanna, 1991; 
Erecinskaetal., 1991; Huang etal., 1991; Kass et al., 1992; Whitting- 
ham et al., 1989). 

an 88% increase in ATP levels f Fig. 3). Similar yet more 
robust results (Fig. 3) were obtained using C6 cells, a 
pure glial preparation from a rat astroglial tumor cell 
line. A 67% decrease in ATP levels was observed in C6 
glia treated with FAC (1 mM, P < 0.05) while addition 
of ISO (3 mM) to the same preparation resulted in a 
69% increase. To assess neuronal sensitivity to FAC we 
measured ATP concentration in synaptosomes prepared 
from field CA1 of the hippocampus. ATP levels in the 
synaptosomal preparations were not sensitive to FAC 
(24% increase) or FAC + ISO (13% increase) suggest- 
ing that neuronal elements are not metabolically influ- 
enced by either FAC or ISO (Fig. 3). 

As a further test of postsynaptic sensitivity to FAC 
we evaluated 100 JJLM FAC on postsynaptic responses to 
iontophoretically applied glutamate in stratum radia- 
tum of CA1. While the evoked PSPs were blocked by 
FAC, the amplitude of the glutamate response was not 
altered in seven of seven cells tested (Fig. 4A). How- 
ever, responses to iontophoretically applied glutamate 
were prolonged. Iontophoretic responses tended to be 
very long (i.e., >1 sec) and potentials were recorded for 
only 900 ms after the iontophoretic pulse. Consequently, 
while most cells showed at least a decay back to 50% of 
peak amplitude in that time frame some cells only showed 
a decay to 70%. Cells were therefore analyzed two ways: 
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the 90-50% decay time (n = 4) and the 90-70% decay 
time (n = 6). FAC caused an increase in decay times of 
41% (CON = 260.13 ± 64.2 ms; FAC = 367.38 ± 57.6 
ms; P < 0.05) and 47% (CON = 146.83 ± 27.2 ms; 
FAC = 220.17 ± 31.9ms; P< 0.05), respectively, for the 
two groups. Both groups were significantly different 
using Student's paired t-test, two-tailed. Also of note is 
that certain iontophoretic responses had slower rise 
times following FAC treatment (Fig. 4A). Although this 
could suggest a postsynaptic effect of FAC, many other 
factors (e.g., changes in cellular morphology or ionto- 
phoretic electrode characteristics) could also account 
for the observed change. Since only a small number of 
cells exhibited measurable rise times, this was not ex- 
plored further. 

Similar analysis was performed on evoked PSP data. 
Because of the concomitant decrease in evoked PSP 
amplitude, the prolongation is evident only with nor- 
malization of the peaks (Fig. 4B). The time required for 
the potential to decay from 90 to 10% of peak amplitude 
was determined for responses in control and FAC-treated 
cells. Decay times were prolonged 33% by FAC 
(CON = 39.29 ± 8.2 ms; FAC = 52.29 ± 5.2ms;P < 0.05; 
N = 5). The differences were statistically significant 
using Student's paired t-test, two-tailed. The number of 
cells in this experimental group is less than the total 
cells recorded because the PSP remaining after FAC 
treatment was frequently too small to make an accu- 
rate assessment of the 90% and 10% time points. 

DISCUSSION 

We have shown that FAC impairs synaptic transmis- 
sion via specific block of glial metabolism without alter- 
ing neuronal metabolism or postsynaptic sensitivity to 
neurotransmitter. 

The metabolism of glial cells can be selectively inhib- 
ited by FAC. This specificity is supported by several 
lines of evidence. Acetate and citrate are specifically 
transported into a "small" metabolic compartment (Fon- 
num, 1985; Hassel et al., 1992; O'Neal and Koeppe, 
1966) that has been identified as glial cells (see Fon- 
num 1985,1993, for review). The fluorinated analogues, 
FAC and fluorocitrate, are also taken up into this small 
compartment where they inhibit the TCA cycle (Clarke 
et al., 1970; Hassel et al, 1992). After transport into 
glial cells, FAC is converted to fluorocitrate which is 
the active inhibitor of aconitase (Clarke, 1991), thereby 
blocking the TCA cycle at the conversion of citrate to 
isocitrate and inhibiting ATP production. 

Anatomical evidence also supports the specificity of 
FAC and fluorocitrate for glial cells. With electron mi- 
croscopy Paulsen et al. (1987) demonstrated morpho- 
logical damage to glia but not to neurons. An autoradio- 
graphic study (Muir et al, 1986) demonstrated that 
FAC and acetate are localized to the neuropil but are 
not in the neuronal cell bodies, consistent with glial 
specific distribution. 

Our present results are also consistent with the glial 
specificity of FAC and ISO. If specific metabolic block 

and subsequent ATP depletion of glial cells are respon- 
sible for the FAC-induced depression of evoked PSPs, 
then presynaptic and postsynaptic neuronal elements 
should be insensitive to FAC. Synaptosomes contain 
the same metabolic constituents found in neuronal so- 
mata and reflect neuronal metabolism but the prepara- 
tion is devoid of intact glial cells. ATP levels were not 
affected by FAC in synaptosomal preparations while, in 
C6 glioma cells and hippocampal slices, significant re- 
duction in ATP levels were seen, suggesting that neu- 
ronal elements are not metabolically influenced by FAC. 

Metabolic substrates that feed into the TCA cycle 
beyond FAC's site of action should attenuate FAC-in- 
duced effects. ISO, with FAC present, does not affect 
synaptosomal ATP as it does that of C6 glioma cells and 
hippocampal slices. Both ISO and glutamine, a sub- 
strate that is converted to a-ketoglutarate for entry into 
the TCA cycle, effectively inhibited FAC-induced de- 
pression of PSPs. However, since glutamine is also taken 
up by neurons for glutamate production and can serve 
to replenish presynaptic glutamate stores, interpreta- 
tion of the results with this substrate as a stabilization 
of glial metabolic integrity is tenuous. Further evidence 
of glial specificity of ISO comes from the observation 
that ISO, in the absence of glucose, can not support 
electrophysiological activity in the slice since it can not 
serve as a metabolic substrate in neurons. 

With these pharmacological tools we evaluated glial 
cell influence on synaptic transmission by selectively 
eliminating glial activity. Our data demonstrate that 
functionally intact glial cells are required for normal 
synaptic transmission. 

Metabolic disruption of glial cells and subsequent de- 
pletion of ATP stores initiate a cascade of events, any or 
all of which may contribute to FAC-induced depression 
of synaptic transmission. Among the potential conse- 
quences are 1) decreased production of glutamine, 2) 
disruption of ionic gradients, 3) accumulation of extra- 
cellular glutamate, and 4) morphological changes. 

Perhaps the most plausible explanation for the de- 
pression of PSPs by FAC is the reduction of glutamate 
precursor supplied from glial cells to neurons. A de- 
crease in glial ATP levels could reduce glutamate up- 
take and/or inhibit the energy-dependent metabolism 
of glutamate to glutamine (Paulsen et al., 1987, 1988; 
Paulsen and Fonnum, 1989; Szerb and Issekutz, 1987). 
Block of the glutamine-glutamate cycle would stop the 
supply of the glutamate precursor to the presynaptic 
terminal and eventually result in depletion of presyn- 
aptic glutamate stores and depression of neurotrans- 
mission. Additionally, the glutamine block of FAC-in- 
duced PSP depression supports such an hypothesis. 

A decrease in glial ATPase activity would perturb 
ionic homeostasis. Both potassium and sodium gradi- 
ents would potentially be disrupted by effects on the 
sodium/potassium ATPase. This would result in a de- 
creased potassium buffering capability and a rise in 
extracellular potassium concentration. Since no gen- 
eral neuronal depolarization was observed in our sys- 
tem we conclude that potassium concentrations were 
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not significantly affected. Decreased sodium/potassium 
ATPase activity would also increase internal sodium 
concentration, accompanied by internal acidification and 
swelling of glial cells. However, it has been shown that 
glial swelling produces an increase in PSP amplitude 
(Ballyk et al., 1991), opposite to what is observed with 
FAC application, suggesting that accumulation of in- 
ternal sodium is not sufficient to produce these changes 
within the time frame of our present experiments. A 
reduction in sodium/potassium ATPase activity could 
also decrease Na+-dependent glutamate uptake, the pre- 
dominant glutamate uptake system in glia. The reduc- 
tion in ATPase activity would reduce the driving force 
for Na'-dependent glutamate uptake and, ultimately, 
reduce the amount of glutamate taken up by glia. It has 
been shown that FAC and other metabolic inhibitors 
block glutamate uptake (Szerb and Issekutz, 1987; 
Szerb and O'Regan, 1984). 

As glutamate uptake systems begin to fail glutamate 
concentrations at the synapse are sustained for longer 
periods of time. As would be expected with impairment 
of glial uptake of neurotransmitter (Clements et al., 
1992; Korn and Dingledine, 1986; Thompson and Gah- 
wiler, 1992) response decay times of iontophoretic re- 
sponses to glutamate and the evoked synaptic responses 
significantly increased following application of FAC. 
Decreased GABA uptake could also contribute to the 
prolongation of the PSP observed in the present experi- 
ments since inverted inhibitory PSPs contribute to the 
PSP recorded with KC1 electrodes. However, the ac- 
tions of glutamate are likely to predominate since the 
contribution of inhibitory PSPs are small when potas- 
sium acetate electrodes are used and the prolongation 
of PSPs was the same regardless of the anion in the 
electrode. 

It is difficult to attribute the FAC-induced depression 
of the evoked PSPs directly to a slowed removal of glu- 
tamate from the extracellular space but secondary con- 
sequences could be involved. Prolonged glutamate ex- 
posures at the synapse could activate presynaptic 
glutamate receptors leading to altered neurotransmit- 
ter release. Alternatively, desensitization could occur. 
However, ambient glutamate concentrations were not 
high enough to cause significant desensitization of 
postsynaptic glutamate receptors activated by ionto- 
phoresis. 

An increase in extracellular glutamate concentration 
would also have direct effects on glial cells. Recent re- 
ports indicate that glial cells express a variety of gluta- 
mate receptors and respond to glutamate stimulation 
via classical ionotropic and second messenger pathways 
(Hansson, 1989; Murphy and Pearce, 1987; von Blan- 
kenfeld and Kettenmann, 1991) as well as with distinct 
changes in morphological structure (Cornell-Bell et al., 
1990b; Noble et al., 1992; Wenzel et al., 1991). Glial 
response to increased glutamate activation may affect 
neurotransmission via some glial second messenger cas- 
cade or by physical disruption of the micro-architecture 
of the synaptic cleft. Others have reported that glial 
cells react dynamically to extracellular glutamate. Glial 

pseudopodial extension or retraction, which have been 
reported to be glial responses to glutamate (Cornell- 
Bell et al., 1990b; Noble et al., 1992; Wenzel et al., 
1991), may disrupt glial-neuronal coupling sufficiently 
to manifest a decrease in synaptic transmission. Fur- 
ther investigations on the coupling of glial cell morphol- 
ogy and synaptic modulation should prove helpful. 

Hippocampal synaptic transmission has been the fo- 
cus of much research in the past decade. Many factors, 
both presynaptic and postsynaptic, have been identi- 
fied as important for modulation of synaptic transmis- 
sion. However, many questions remain unanswered. It 
is of critical importance to keep in mind that 1) glial 
cells play an integral role in the maintenance of synap- 
tic transmission and 2) glial cells may be a target for 
modulation of synaptic activity. It is evident from this 
work and others that synaptic communication relies 
heavily on the complex interplay of glial cells and neu- 
ronal elements. 
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Abstract 

Following radiation exposures, severe hematopoietic depression can result from injury to 
hematopoietic stem and progenitor cell populations. In recent years, a variety of 
recombinant cytokines have been demonstrated to possess hematopoietic activity. While 
some cytokines are lineage restricted in their activity, others such as c-kit ligand and 
interleukin-3 (IL-3) appear to be capable of affecting early multilineage hematopoietic cell 
populations. Using a BfPjFi murine model of severe ^Co radiation-induced hematopoietic 
hypoplasia, we have evaluated the ability of c-kit ligand (recombinant murine mast cell 
growth factor; rmMGF) and rmIL-3 to accelerate hematopoietic regeneration when 
administered either alone or in combination following radiation exposure. Hematopoietic 
regeneration was based on spleen and bone marrow spleen colony forming unit (CFU-S12) 
and granulocyte-macrophage progenitor cell (GM-CFC) recoveries. MGF alone, 
administered subcutaneously (s.c) on days 1-17 postirradiation at 100 Hg/kg/day or 200 
tig/kg/day, accelerated bone marrow and splenic GM-CFC as well as splenic CFU-s 
recoveries in a direct dose-dependent manner. IL-3 alone (100 ng/kg/day, s.c. on days 1-17) 
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also accelerated splenic GM-CFC and CFU-s recoveries. When these cytokines were 
co-administered (100 |lg/kg/day each, s.c. on days 1-17), GM-CFC and CFU-s recovenes 
greater than those produced by either cytokine alone were observed. These studies illustrate 
a potential role for combined MGF and IL-3 in the treatment of radiation-induced 
hematopoietic injury. 

Introduction 

One of the most recent cytokines implicated in hematopoietic regulation is c-kit 
ligand, also known as mast cell growth factor (MGF), steel factor (SLF), and stem 
cell factor (SCF) (1-3). The c-kit ligand has been ascribed numerous hema- 
topoietic and nonhematopoietic effects, although it was initially identified and 
purified based on its ability to stimulate mast cell growth (2-5). Multiple studies 
have focused on the tn vitro effects of this factor, demonstrating that alone it has 
limited hematopoietic activity, but when combined with other hematopoietic 
cytokines, it synergizes to increase both the number and size of colonies 
generated from hematopoietic progenitors (3-11), and in some instances, to 
increase the replating potential of primitive progenitors (12). Furthermore, in 
combination with such factors, c-kit ligand also synergistically enhances the in 
vitro expansion of hematopoietic progenitors grown in liquid cultures (13-15). 
These effects are thought to result not only from the ability of c-kit ligand to 
potentiate progenitor cell proliferation but also from its ability to enhance 
progenitor cell survival (14,16). 

IL-3, also known as multi-CSF, has previously been shown to enhance 
hematopoietic regeneration in irradiated animals based on recovery of peripheral 
blood white cells and platelets (17). Because in vitro studies have demonstrated 
synergistic hematopoietic stimulation produced by c-kit ligand combined with 
IL-3, we evaluated whether co-administration of these cytokines in vivo would 
synergize to further accelerate hematopoietic regeneration following radiation- 
induced hematopoietic hypoplasia. 

Materials and methods 

CYTOKINES 

Recombinant murine c-kit ligand (MGF), was provided by Immunex (Seattle, 
WA). Recombinant murine IL-3 was provided by Behringwerke AG (Marburg, 
Germany). Cytokines were expressed in yeast and purified to homogeneity as 
previously described (10,18). Endotoxin contamination of cytokines was below 
the limit of detection using the Limulus amebocyte lysate assay. MGF was 
administered subcutaneously (s.c.) in a 0.1 ml volume at the dose of 100 or 200 
|i,g/kg; IL-3 was administered s.c. at the dose of 100 Jig/kg. In combination 
studies, mice received each cytokine at a separate injection site. All injections 



c-kit ligand and IL-3 in treatment of hematopoietic injury 85 

were initiated   1  day following  irradiation and continued daily for  17 days. 
Control mice were injected with an equal volume of sterile saline. 

MICE 

B6D2FI female mice (-20 g) were purchased from Jackson Laboratories (Bar 
Harbor, ME). Mice were maintained in an AAALAC (American Association for 
Accreditation of Laboratory Animal Care) accredited facility in Micro-Isolator 
cages on hardwood-chip contact bedding and were provided commercial rodent 
chow and acidified water (Ph 2.5) ad libitum. Animal rooms were equipped 
with full-spectrum light from 6 a.m. to 6 p.m. and were maintained at 70oF +/- 
20F with 50% +/- 10% relative humidity using at least 10 air changes per hour 
of 100% conditioned fresh air. Upon arrival, all mice were tested for 
Pseudomonas and quarantined until test results were obtained. Only healthy 
mice were released for experimentation. All animal experiments were approved 
by the Institute Animal Care and Use Committee prior to performance. 

IRRADIATION 

The ^Co source at the Armed Forces Radiobiology Research Institute was used 
to administer bilateral total-body gamma radiation. Mice were placed in 
ventilated Plexiglas containers and irradiated with 7.75 Gy at a dose rate of 
0.4Gy/min. Dosimetry was performed using ionization chambers (19) with 
calibration factors traceable to the National Institute of Standards and 
Technology. The tissue-to-air ratio was determined to be 0.96. Dose variation 
within the exposure field was < 3%. 

CELL SUSPENSIONS 

Cell suspensions for each assay represented tissues from three normal, 
irradiated, or irradiated and cytokine-treated mice at each time point. Cells were 
flushed from femurs with 3 ml of McCoy's 5A medium (Flow Labs, McLean, 
VA) containing 10% heat-inactivated fetal bovine serum (Hyclone Labs, Logan. 
UT). Spleens were pressed through a stainless steel mesh screen, and the cells 
were washed from the screen with 6 ml medium. The number of nucleated cells 
in the suspensions was determined by Coulter counter. Femurs and spleens were 
removed from mice euthanized by cervical dislocation. 

SPLEEN COLONY FORMING UNIT ASSAY 

Exogenous spleen colony forming units (CFU-s) were evaluated by the method 
of Till and McCulloch (20). Recipient mice were exposed to 9 Gy of total-body 
radiation  to reduce  endogenous hematopoietic  stem  cells.  Bone  marrow  or 
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spleen cells were intravenously (i.v.) injected into the irradiated recipients 3-5 h 
later. Twelve days after transplantation, the recipients were euthanized by 
cervical dislocation, and their spleens were removed. The spleens were fixed in 
Bouin's solution, and grossly visible spleen colonies were counted. Each 
treatment group consisted of five mice. 

GRANULOCYTE-MACROPHAGE COLONY-FORMING CELL ASSAY 

Hematopoietic progenitor cells committed to granulocyte and/or macrophage 
development were assayed using a double-layer agar granulocyte-macrophage 
colony forming cell (GM-CFC) assay in which mouse endotoxin serum (5% v/v) 
was added to feeder layers as a source of colony stimulating factors (21). 
Colonies (> 50 cells) were counted after 10 days of incubation in a 370C 
humidified environment containing 5% CO2. Triplicate plates were cultured for 
each cell suspension. 

STATISTICS 

Results of replicate experiments were pooled and are represented as the mean 
+/- standard error (SE) of pooled data. Statistical differences were determined 
by Behrens-Fisher t-test analysis. Significance level was set at p < 0.05. 

Results 

The ability to accelerate hematopoietic regeneration in a murine model of 
severe radiation-induced hematopoietic hypoplasia was used to evaluate the 
potential of MGF and IL-3 to induce hematopoietic progenitor cell expansion in 
vivo. In preliminary studies, it was determined that a sublethal 7.75 Gy ^Co 
radiation exposure induced severe hematopoietic hypoplasia from which 
recovery (especially in the spleen) became evident between days 14 and 17 
post-irradiation (Figure 7.1). Based on these preliminary studies, subsequent 
studies evaluating the ability of cytokines to accelerate hematopoietic recovery 
focused on evaluation of bone marrow and splenic CFU-s and GM-CFC 
recoveries on days 14 and 17 post-irradiation. 

The effects of MGF on CFU-s and GM-CFC recoveries in sublethally 
irradiated mice are illustrated in Figure 7.2 and Figure 7.3, respectively. At 
either the 100 |Xg/kg/day or 200 Jlg/kg/day dose, MGF alone accelerated bone 
marrow and splenic GM-CFC recovery. The 200 ixg/kg/day MGF dose also 
accelerated splenic CFU-s recovery; however, no effect on bone marrow CFU-s 
recovery was observed at either MGF dose. Following administration of IL-3 
alone, both splenic CFU-s (Figure 7.4B) and GM-CFC (Figure 7.5B) numbers 
were increased compared to saline-treated mice by day 17 postirradiation. No 
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Figure 7.2 Effects of MGF administration (100 or 200 |lg/kg/day, xl7 day, s.c.) on bone 
marrow (A) and splenic (B) CFU-s recovery on days 14 and 17 after a 7.75 Gy radiation 
exposure in B6D2F1 mice. Mean +/- SE; * p < 0.05, with respect to saline controls. 
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Figure 7.3 Effects of MGF administration (100 or 200 |ig/kg/day, xl7 day, s.c.) on bone 
marrow (A) and splenic (B) GM-CFC recovery on days 14 and 17 after a 7.75 Gy radiation 
exposure in B^F! mice. Mean +/- SE; * p < 0.05, with respect to saline controls. 
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Figure 7.4 Effects of IL-3, MGF, and MGF plus IL-3 (each 100 Hg/kg/day, xl7 day, s.c.) 
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IL-3 effects, however, were observed on bone marrow recovery. When MGF 
was administered to sublethally irradiated mice in combination with IL-3, 
CFU-s (Figure 7.4) and GM-CFC (Figure 7.5) recoveries greater than those 
induced by MGF alone or IL-3 alone were observed, with splenic effects being 
more dramatic than bone marrow effects. 

Discussion 

Sustained hematopoietic recovery following chemotherapy or radiation exposure 
requires surviving pluripotent stem cells to self-renew as well as to differentiate 
into multipotent and committed progenitors capable of giving rise to functional 
mature cells. In recent years, administration of single hematopoietic growth 
factors, including G-CSF, GM-CSF, MGF, and IL-6, has been shown to 
stimulate hematopoietic regeneration following radiation- or chemotherapy- 
induced myelosuppression. In addition, some cytokine combinations, such as 
GM-CSF plus IL-3, have proven to surpass the effectiveness of single agents. 
Because c-kit ligand, in vitro, has been shown to synergize with IL-3 in 
stimulating progenitor cell proliferation and expansion, we hypothesized that 
administration of MGF in combination with this cytokine in vivo may further 
improve hematopoietic regeneration beyond that obtained with only MGF or 
only IL-3. 

Our studies demonstrate that in irradiated mice: 

1. MGF alone can accelerate hematopoietic regeneration, 
2. IL-3 alone can also accelerate hematopoietic regeneration, and 
3. when MGF and IL-3 are co-administered, hematopoietic recovery greater 

than that produced by either single cytokine can be obtained. 

It remains to be determined whether the apparent lack of effect of MGF, IL-3, 
or the combination of these cytokines on bone marrow CFU-s regeneration 
concomitant with significant splenic CFU-s regeneration may be due to 
cytokine mediated bone marrow CFU-s mobilization. In spite of this, these 
studies suggest a potential role for combined MGF plus IL-3 in the treatment of 
hematopoietic hypoplasia. 
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Abstract 
Based on in vitro studies, mast cell growth factor (MGF; also 
known as steel factor, stem cell factor, and c-kit ligand) has 
been implicated as an important hematopoietic regulator, 
especially in the presence of additional hematopoietic 
cytokines. Since hematopoietic regeneration follows sub- 
lethal radiation-induced hematopoietic injury and is thought 
to be mediated by endogenously produced cytokines, the 
ability to accelerate recovery from radiation-induced hemato- 
poietic hypoplasia was used to evaluate in vivo effects of 
MGF administration. Female B6D2F1 mice were exposed to a 
sublethal 7.75-Gy dose of 60Co radiation followed by subcuta- 
neous administration of either saline or 100, 200, or 400 
pg/kg/d recombinant murine MGF on days 1 to 17 postirradi- 
ation. Recoveries of bone marrow and splenic spleen colony- 
forming units (CFU-S), granulocyte-macrophage colony- 
forming cells (GM-CFC), and peripheral white blood cells 
(WBC), red blood cells (RBC), and platelets (PLT) were deter- 
mined on days 14 and 17 during the postirradiation recovery 
period. MGF accelerated hematopoietic recovery at the 100 
and 200 pg/kg/d doses. The 100 pg/kg/d dose accelerated 
recovery of only GM-CFC, while the 200 pg/kg/d dose accel- 
erated CFU-S, GM-CFC, WBC, and PLT recoveries. In con- 
trast, hematopoietic recovery was delayed in mice receiving 
the 400 pg/kg/d dose. These studies demonstrate the in vivo 
dose-dependent ability of MGF to accelerate multilineage 
hematopoietic regeneration following radiation-induced 
hematopoietic hypoplasia. They also document detrimental 
effects of providing "supraoptimal" doses of this growth fac- 
tor and suggest caution in dose-escalation trials in humans. 

Key words:   MGF—Irradiation—Aplasia—c-Wf ligand— 
Therapy—Stem cells—Stem cell factor 

Introduction 
Neutropenia and thrombocytopenia are major factors con- 
tributing to morbidity and mortality associated with hemato- 
poietic injury. Agents capable of enhancing regeneration of 
cellular elements necessary for efficient host defense mecha- 
nisms and facilitating hematopoietic hemostasis would be 
useful in treating hematopoietic hypoplasia caused by acci- 
dental radiation exposures, radiotherapy, and chemotherapy. 

Hematopoietic proliferation and differentiation are 
known to be regulated by a variety of colony-stimulating 
factors and interleukins [1,2]. Mast cell growth factor (MGF), 
also known as steel factor (SLF), stem cell factor (SCF), and c- 
kit ligand, is the most recent cytokine implicated in hemato- 
poietic regulation [3-5]. This factor was initially identified 

and purified based on its ability to stimulate mast cell 
growth; however, it has subsequently been ascribed numer- 
ous hematopoietic and nonhematopoietic effects [4-7]. 

In vitro, c-kit ligand has been shown to synergize with 
numerous hematopoietic cytokines, including granulocyte 
colony-stimulating factor (G-CSF), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), interleukin-l (IL-1), IL-3, 
IL-6, IL-7, and erythropoietin (Epo) [5-19]. The observations 
that c-tof ligand in combination with other cytokines appears 
to generate large numbers of both committed colony-forming 
cells (CFC) and pre-CFC suggest that this factor may act earlier 
than other hematopoietic factors described to date. 

c-kit ligand has also been implicated in hematopoietic 
regulation in vivo. Most notably, mice with mutations at 
the Steel (SI) locus, which encodes c-kit ligand, are defective 
in hematopoietic cell development, exhibiting severe 
macrocytic anemia that is resistant to erythropoietin treat- 
ment [20], profound deficiencies in tissue mast cells [21], 
abnormalities in megakaryocytopoiesis [22], and reduced 
granulocytopoiesls [23]. The hematopoietic defects in Steel 
mice can be partially corrected by the administration of c- 
kit ligand [24]. In addition to the data accumulated on Steel 
mice, a limited number of studies have recently reported 
the ability of c-kit ligand to alter hematopoiesis in normal 
mice, rats, and nonhuman primates [25-27]. In rats, a single 
intravenous (IV) injection of recombinant rat (rr) c-kit 
ligand induced a rapid and transient neutrophilia and lym- 
phocytosis; prolonged (14-day) administration resulted in 
bone marrow mast cell hyperplasia but erythroid and lym- 
phoid hypoplasia [25]. When rr c-kit ligand was adminis- 
tered daily for 21 days in mice, it was found to be only a 
modest stimulator of peripheral blood neutrophil produc- 
tion but a potent stimulator of splenic CFU-S production 
[26]. In baboons, continuous infusion of recombinant 
human (rh) c-kit ligand caused an increase in peripheral 
blood erythrocyte, neutrophil, lymphocyte, monocyte, 
eosinophil, and basophil numbers, as well as an increase in 
bone marrow cellularity, GM-CFC, and erythroid burst- 
forming units (BFU-E) [27]. 

In contrast to previous studies performed with c-kit ligand 
in normal animals, we have evaluated the ability of this fac- 
tor to stimulate hematopoiesis in the more clinically relevant 
condition of hematopoietic hypoplasia. Because hemato- 
poietic recovery in the sublethal murine radiation model 
used in our studies is presumed to be mediated by endoge- 
nous^ produced hematopoietic cytokines [28,29], and 
because c-kit ligand has been shown to synergize with other 
cytokines, we hypothesized that c-kit ligand may synergize 
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with endogenous cytokines in irradiated mice and accelerate 
hematopoietic recovery. 

Materials and methods 

MGF 
Recombinant murine c-kit ligand, henceforth referred to as 
MGF, was provided by Immunex (Seattle, WA). It was 
expressed in yeast and purified to homogeneity as previously 
described [12]. Endotoxin contamination was below the limit 
of detection using the limulus amebocyte lysate assay. MGF 
was administered subcutaneously (s.c.) in a 0.1-mL volume at 
doses of 100, 200, or 400 pg/kg. Injections were initiated 1 
day following irradiation and continued daily for 17 days. 
Control mice were injected with an equal volume of sterile 
saline. 

Mice 
B6D2F1 female mice (—20 g) were purchased from Jackson 
Laboratories (Bar Harbor, ME). Mice were maintained in a 
facility accredited by the American Association for Accredita- 
tion of Laboratory Animal Care (AAALAC) in Micro-Isolator 
cages on hardwood-chip contact bedding and were provided 
with commercial rodent chow and acidified water (pH 2.5) ad 
libitum. Animal rooms were equipped with full-spectrum 
light from 6 a.m. to 6 p.m. and were maintained at 21 + 10C 
with 50 + 10% relative humidity using at least 10 air changes 
per hour of 100% conditioned fresh air. On arrival, all mice 
were tested for Pseudomomn and quarantined until test results 
were obtained. Only healthy mice were released for experi- 
mentation. All animal experiments were approved by the 
Institute Animal Care and Use Committee. 

Irradiation 
The 60Co source at the Armed Forces Radiobiology Research 
Institute was used to administer bilateral total-body gamma 
radiation. Mice were placed in ventilated Plexiglas containers 
and irradiated with 7.75 Gy at a dose rate of 0.4 Gy/min. 
Dosimetry was performed using ionization chambers [30] 
with calibration factors traceable to the National Institute of 
Standards and Technology. The tissue-to-air ratio was 0.96. 
Dose variation within the exposure field was <3%. 

Peripheral blood cell counts 
Blood was obtained from halothane-anesthetized mice by 
cardiac puncture using a heparinized syringe attached to a 
20-gauge needle. WBC, RBC, and PET counts were performed 
using a Coulter counter. 

Cell suspensions 
Cell suspensions for each assay represented tissues from three 
normal, irradiated, or irradiated-plus-MGF-treated mice at each 
time point. Cells were flushed from femurs with 3 mE 
McCoy's 5A medium (Flow Eabs, McEean, VA) containing 10% 
heat-inactivated fetal bovine serum (Hyclone Eabs, Eogan, 
UT). Spleens were pressed through a stainless steel mesh 
screen, and cells were washed from the screen with 6 mL 
medium. The number of nucleated cells in the suspensions 
was determined by Coulter counter. Femurs and spleens were 
removed from mice killed by cervical dislocation. 

6M-CFC assay 
Hematopoietic progenitor cells committed to granulocyte 
and/or macrophage development were assayed using a double- 
layer agar GM-CFC assay in which mouse endotoxin serum 
(5% vol/vol) was added to feeder layers as a source of colony- 

stimulating factors [31]. Colonies (>50 cells) were counted 
after 10 days of incubation in a 370C humidified environ- 
ment containing 5% C02. Triplicate plates were cultured for 
each cell suspension. 

CFU-S assay 

Exogenous CFU-S were evaluated by the method of Till and 
McCulloch [32]. Recipient mice were exposed to 9 Gy total- 
body radiation to reduce endogenous hematopoietic stem 
cells. Three to 5 hours later, bone marrow, spleen, or periph- 
eral blood cells were injected IV into the irradiated recipients. 
Twelve days after transplantation, the recipients were killed 
by cervical dislocation, their spleens were removed and fixed 
in Bouin's solution, and grossly visible spleen colonies were 
counted. Each treatment group consisted of five mice. 

Survival assay 
Recipient mice were exposed to 9.5 Gy total-body radiation, 
and various numbers of bone marrow or spleen cells were 
injected IV. Animal survival was recorded daily for 60 days. 

Histopathology 
Mice were killed by cervical dislocation, and the spleen, bone 
marrow, and proximal small intestine were removed and 
immersion-fixed for 2 hours in a modified Karnovsky's fixa- 
tive consisting of 2% paraformaldehyde, 2.5% glutaralde- 
hyde, and 4 mM MgCl2 in 100 mM cacodylate buffer (pH 
7.3). Specimens were postfixed in 1% osmium tetroxide, 
dehydrated in acetone, and embedded in Epon 812. To 
enhance the visualization of mast cells, sections were stained 
with methylene blue-azure 11, a metachromatic stain. With 
this stain, the granules of nonsecreted connective tissue mast 
cells stain dark purple while secreted granules appear pink. 
Sections were examined and photographed with a Zeiss 
Ultraphot microscope. 

Statistical analysis 
Results of replicate experiments were pooled and are repre- 
sented as the mean ± standard error (SE) of pooled data. Bone 
marrow and splenic hematopoietic colony and blood cell 
data were analyzed by Student's f-test, survival data were ana- 
lyzed by Fisher's exact test, and peripheral blood CFU-S data 
were analyzed by a two-way analysis of variance (ANOVA). 
Significance level was set atp<0.05. 

Experimental design 
The ability to accelerate hematopoietic regeneration in a 
murine model of radiation-induced hematopoietic hypoplasia 
was used to evaluate the in vivo effects of MGF. Mice were 
exposed to a sublethal (7.75 Gy) dose of 60Co radiation to 
induce severe hematopoietic hypoplasia. MGF was adminis- 
tered s.c. daily on days 1 to 17 postexposure. On days 14 and 
17 during the postirradiation recovery period, three mice 
from each treatment group were randomly selected and bone 
marrow and splenic cellularity; CFU-S and GM-CFC recover- 
ies; peripheral blood CFU-S, WBC, RBC, and PET recoveries; 
and tissue histopathological changes were evaluated. The day- 
14 and day-17 assay points were chosen to bracket the most 
dynamic period of hematopoietic recovery expected following 
the 7.75-Gy radiation exposure, and were based on our previ- 
ous knowledge regarding the kinetics of hematopoietic recov- 
ery in this murine radiation model [33]. 

Results 
Compared to saline-treated irradiated mice, some irradiated 
mice given daily injections of MGF exhibited enhanced 
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Fig. 1. Effect of MGF (100, 200, or 400 vq/kg/d, s.c.) on 
postirradlation recovery of bone marrow (A) and splenic 
(B) CFU-S in sublethally Irradiated (7.75 Gy) BgDjF, mice. 
Data represent the mean ± SE of values obtained from 
three replicate experiments. *p<0.05 with respect to saline 
controls; *p<0,05 with respect to 200 pg/kg/d MGF. Aver- 
age background CFU-S number in recipient mice not 
injected with cells was 0.2 + 0.2. 

regeneration of all hematopoietic parameters evaluated, with 
the exception of bone marrow CFU-S and peripheral RBC 
(Figs. 1, 2, and 3). Effects were clearly dose-dependent, with 
the most significant stimulatory effects observed in mice 
receiving 200 pg/kg/d MGF. In these mice, hematopoietic 
parameters increased more, and in some instances were 
observed earlier, than in mice treated with only 100 pg/kg/d 
MGF. Surprisingly, the 400 pg/kg/d-MGF dose induced less 
hematopoietic recovery than the 200 pg/kg/d dose; further- 
more, splenic CFU-S and peripheral RBC recoveries in these 
mice were even less than in saline-treated irradiated mice. 

Because c-kit ligand has been shown capable of mobilizing 
primitive marrow cells into the circulation, peripheral blood 

Fig. 2. Effect of MGF (100, 200, or 400 pg/kg/d, s.c.) on 
postirradlation recovery of bone marrow (A) and splenic 
(B) GM-CFC in sublethally irradiated (7.75 Gy) BgDjF, 
mice. Data represent the mean ± SE of values obtained 
from three replicate experiments, *p<0.05 with respect to 
saline controls; ><0.05 with respect to 200 pg/kg/d MGF. 

CFU-S levels were evaluated to determine whether CFU-S 
effects in the bone marrow of MGF-treated mice may be 
masked by mobilization. Table 1 illustrates that CFU-S mobi- 
lization occurred in all MGF-treated mice. This phenomenon 
was directly dose-dependent, the most significant mobiliza- 
tion being observed following administration of the highest 
(400 pg/kg/d) MGF dose. Furthermore, in all treatment 
groups, CFU-S mobilization was more pronounced at day 17 
postirradlation than at day 14 postirradlation. 

Additional studies were performed to determine the effects 
of MGF on the subsequent reconstitutional potential of regen- 
erated bone marrow and spleen cells from the sublethally irra- 
diated mice. Recipient mice were irradiated with 9.5 Gy 60Co 
and transplanted with various doses of bone marrow or 
spleen cells obtained from regenerating, sublethally irradiated 
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Fig. 3. Effect of MGF (100, 200, or 400 |jg/kg/d, s.c.) on postlrradiation recovery of peripheral white blood cells (A), red blood 
cells IB), and platelets (C) in sublethally irradiated (7.75 Gy) B6D2f1 mice. Data represent the mean ± SE of values obtained 
from three replicate experiments. *p<0.05 with respect to saline controls; +p<0.05 with respect to 200 jjg/kg/d MGF. 

mice that had been treated for 17 days with either saline or 
MGF. Transplanted mice were then monitored for survival 
over a 60-day posttransplant period (Table 2). The survival- 
enhancing ability of bone marrow cells obtained from irradi- 
ated mice treated with either 100 or 200 pg/kg/d MGF was 
superior to that obtained from saline-treated mice; effects 
were more dramatic in mice transplanted with cells obtained 
from mice receiving 200 pg/kg/d MGF. For example, com- 
pared to 0% and 5% survival provided by 5xl04 or lOxlO4 

bone marrow cells obtained from saline-treated mice, 60% 
survival and 100% survival, respectively, were obtained with 
these cell numbers obtained from the 200 pg/kg/d MGF-treat- 
ed mice. Survival-enhancing effects were less obvious in mice 
transplanted with spleen cells, yet spleen cells from mice 
treated with 200 pg/kg/d MGF did increase survival. In con- 
trast, bone marrow and spleen cells obtained from mice treat- 
ed with 400 pg/kg/d MGF exhibited a reduced ability to 
reconstitute irradiated mice. 

No adverse effects were observed in mice treated with the 
100 pg/kg/d-MGF dose; however, the higher doses induced 
some lethality in otherwise sublethally irradiated mice. 
Twelve percent of mice receiving 200 pg/kg/d and 22% of 
mice receiving 400 pg/kg/d died before day 17, the final assay 
point. Most of these animals died between days 14 and 17 
postlrradiation. Mice receiving 400 pg/kg/d MGF also 
appeared to become progressively emaciated and lost signifi- 
cantly more weight than mice in the other treatment groups; 
at day 14 postlrradiation, body weight had decreased —15% 
in these mice compared to only a 5% decrease in saline-treat- 
ed mice and a 7 to 8% decrease in the 100 or 200 pg/kg/d 
MGF-treated mice (Table 3). 

Because of the possibility that the detrimental effects 
observed in mice treated with the higher MGF doses may be 
related to MGF-induced mast cell proliferation and/or degran- 
ulation, the bone marrow, spleen, and small intestine (murine 
tissues that typically exhibit easily detectable mast cells in 
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Table 1. MGF-induced mobilization of CFU-S into the peripheral 
blood of irradiated mice 

Day 14 postirradlation Day 17 postirradlation mM 
Daily CFU-S/105 CFU-S/105 *&i^. 

MCF dose mononuclear mononuclear S"-% . .: 
(Mg/kg) CFU-S/mL cells CFU-S/mL            cells 

-^ 
0 (saline) 3.50±0.83 0.82+0.31 4.65±0.84         1.3410.25 3 100 3.65±0.35 0.99±0.09 S.77±1.37        1.38±0.23 ■*4 

200 5.48±0.98 1.09±0.19 6.10±1.25       2.23±0.55 A 400 6.67±1.8S 1.46+0.40 10.09±2.08       2.73±0.57 * i 
Five irradiated (9.0 Cy) B6D2f.l recipient mice were inject- 
ed with peripheral blood obtained from mice on days 14 
and 17 after irradiation (7.75 Gy) and daily treatment with 
saline or the indicated doses of MCF. A two-way ANOVA 
was performed using the endpoints CFU-S/mL and CFU- 
S/105 mononuclear cells with MGF dose and postirradla- 
tion days as factors. For the endpoint CFU-S/mL, a dose 
effect significant at p=0.0127 and a day effect significant 
at p=0.0517 were found. For the endpoint CFU-S/105 

mononuclear cells, a dose effect significant at p=0.0311 
and a day effect significant at p=0.0027 were found. The 
average number of background CFU-S in recipient mice 
not injected with cells was 0.15 ± 0.15. 

Table 2. Survival of lethally irradiated mice transplanted with bone 
marrow or spleen cells 

Number of cells . injected 

5x10" 10x10" Sx10s 10x105 20x10s 

Bone marrow 
Normal 100% 100% —     
Saline 0% 5% —     
MGF lOOpg/kg/d 30%a 70%'' — —   
MGF 200 pg/kg/d 60%" 100%a — — — 
MGF 400 pg/kg/d 0%b 0%b — — — 

Spleen 
Normal — — 50% 100% 100% 
Saline — — 20% 60% 95% 
MGF 100 pg/kg/d — — 20% 70% 90% 
MGF 200 pg/kg/d — — 40% 100%a 100% 
MGF 400 pg/kg/d — — 0%b 40%b 60%ab 

Ten to 20 irradiated (9.5 Gy) recipient B6D2F, mice were 
transplanted with the indicated number of bone marrow or 
spleen cells from nonirradiated normal control mice, saline- 
treated mice 17 days after sublethal 7.75-Gy irradiation, or 
MGF-treated mice 17 days after sublethal 7.75-Gy irradia- 
tion. Survival was monitored for 60 days posttransplant. 
^0.05 with respect to saline values; bp<0.05 with respect 
to 200 pg/kg/d-MCF values. 

Table 3. Weight loss in irradiated mice treated with MGF 

Daily MGF dose (pg/kg) 

0 100 200 400 

Preirradiation (g) 21.8±0.4 21.0±0.6 21.S±0.5 21.6±0.6 
Day 14 

postirradlation (g) 20.7±0.4 19.5±1.1 19.7±0.9 18.4±1.1a 

Loss(g) 1.1 1.5 1.8 3.2 
Percent loss 5.0% 7.1% 8.4% 14.8% 

Twelve mice in each group were irradiated with 7.75 Gy 
""Co and daily injected s.c. with either saline or the indicated 
dose of MGF. ^0.05 with respect to preirradiation values. 

Fig. 4. Light micrograph of connective t ssue mast cells 
(mc) in the gut of B6D2F1 mice, demonstralhg these easily 
detectable cells using metachromatic stain. 

connective tissue areas as illustrated in Fig 4) were histologi- 
cally evaluated for the presence of mast cells and mast-cell 
degranulation. Almost no mast cells were detected in any tis- 
sue of irradiated saline- or MGF-treated mi:; at either day 14 
or day 17 postirradlation. Furthermore, no other obvious his- 
tological differences were observed in MGF-treated mice com- 
pared to saline-treated mice. The gut spleen, and bone mar- 
row in bo-h treatment groups appeared similar in terms of cell 
numbers and composition (Fig. 5). 

Discussion 
Morbidity ar.d mortality associated with high-level radiation 
exposures can be directly attributed to Infectious and hemor- 
rhagic complications resulting from radiat:on-induced neu- 
tropenia and thrombocytopenia. In recent years, several 
hematopoietic growth factors have been sncwn to stimulate 
hematopoietic regeneration following radi3::on- or chemo- 
therapy-induced myelosuppression, most notably G-CSF, 
GM-CSF, 1L-6, and the GM-CSF/IL-3 fusion protein, P1XY321 
[33-37]. FoLowing sublethal radiation exposure, hemato- 
poietic recovery gradually occurs and appears to be mediated 
by endogencusly produced hematopoietic cy:okines [28,29]. 
Because c-kit ligand has been shown to have little hemato- 
poietic effect alone, but rather to syrergize with a variety of 
hematopoietic cytokines to enhance tneir effects, we 
hypothesized that sublethally irradiated m ce should provide 
a good model in which to evaluate the potential in vivo 
effects of MGF. 

Our results demonstrate that a 17-day treatment course of 
MGF can alter multiple-lineage hematopcietic regeneration 
following radiation injury. Effects were dosj-dependent, 100 
or 200 pg/kg/d stimulating recovery and 400 pg/kg/d appear- 
ing to inhibit recovery. The hematopoietic stimulatory effects 
observed in our studies at the 200 pg/kg,d MGF dose con- 
firmed results published by Scheuning et al. in which 200 
pg/kg/d recombinant canine SCF administered for 21 days 
postirradiaticn in dogs was shown to enharxe recovery from 
otherwise lethal hematopoietic injury [38] Furthermore, our 
studies at the 100 pg/kg MGF dose expand observations of 
Zsebo et al. in which even a single 100-p.j'kg injection of 
rrSCF administered to lethally irradiated mice 4 hours postex- 



36 Experimental Hematology vol. 22 (1994) 

* » 5■■.•.■■  . 

*/*^ V*. 

Fig. 5. Light micrograph of gut (A, D), spleen (B, E) and bone marrow (C, F) 1r:m irradiatBd (7.7S Cy) B^DjF, nice treated for 
17 days with 400 |jg/kg/d of MGF (A-C) or saline (D-F). Cut endothelal ce I; (e) are lyperrcphied. Eoth SDleen and bone 
marrow are cellular, and normoblasts (n), megakaryocytes (mkc), and neutrophils (pmn] ere prcn nent. Tne c=ll in D adjacent 
to the arteriole is a macrophage (m). If present, mast cells would be visible h connective tissue {<:'} areas as in :igure 4. 
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posure extended mean survival time, presumably through 
enhancement of hematopoietic recovery [39|. 

An initial enigma in our studies was the observation that, 
while increased numbers of both CFU-S and GM-CFC were 
observed in the spleens of MGF-treated mice, only GM-CFC 
numbers were increased in the bone marrow. Since recent 
studies in normal mice have demonstrated the ability of c-kit 
ligand to mobilize into the peripheral circulation large num- 
bers of cells capable of engrafting irradiated animals [40,41|, 
we suspected that the apparent lack of CFU-S proliferation in 
the bone marrow of our MGF-treated mice may be due to 
the mobilization of these cells out of the marrow as rapidly 
as they were being produced. Studies presented in Table 1 
verify that CFU-S mobilization did occur in the MGF-treated 
mice, suggesting that CFU-S proliferation in the marrow 
most likely was occurring but was not apparent due to this 
mobilization phenomenon. 

As described, the 400 pg/kg/d MGF dose appeared to inhib- 
it hematopoiesis. This effect did not appear to be due merely 
to "toxicity" since, although 22% of mice treated with the 
400 pg/kg/d MGF dose died before evaluation, 12% of mice 
receiving 200 pg/kg/d MGF and exhibiting the greatest 
hematopoietic stimulation also died before evaluation. The 
cause of the lethality and weight loss observed in otherwise 
sublethally irradiated mice given high-dose MGF remains 
unknown, but mast cells do not appear to be involved. 
Although high doses of MGF have previously been shown to 
induce extensive mast-cell degranulation associated with res- 
piratory distress [42], histopathological evaluation of tissues 
typically exhibiting mast cells in the mouse revealed almost 
no mast cells in any of the irradiated mice. Since mast cells 
are ultimately generated from the radiosensitive hemato- 
poietic stem cells [43,44], apparently recovery of these cells to 
detectable levels had not yet occurred in our irradiated mice. 

c-kit ligand in combination with additional cytokines has 
been demonstrated to stimulate the proliferation and differ- 
entiation of primitive hematopoietic precursors [11,15]. 
Because of this, the possibility that stem cell exhaustion may 
occur following prolonged MGF administration cannot be 
excluded as a possible explanation for the observed MGF- 
induced inhibition of hematopoiesis. Indeed, our results in 
Table 2 indicate that as the MGF dose was increased from 100 
to 200 pg/kg/d, the reconstitutional potential of bone mar- 
row and spleen cells increased; however, at 400 pg/kg/d such 
reconstitutional potential decreased. Thus, following the 400 
pg/kg/d MGF dose, primitive cells may have been stimulated 
to proliferate to the point of exhaustion. Had this occurred, 
however, an increase in downstream progenitor populations 
would have been expected; this was not observed in the 400 
pg/kg/d MGF-treated mice. 

An alternate explanation for the apparent hematopoietic 
inhibitory effects observed following administration of the 
highest MGF dose may relate to the nature of the MGF used 
in our studies and receptor-ligand interactions, c-kit ligand is 
known to exist in two biologically active forms: (1) an inte- 
gral membrane protein with an extracellular domain, trans- 
membrane domain, and intracytoplasmic domain, and (2) a 
soluble protein produced by proteolytic cleavage of the mem- 
brane-associated form [12]. Membrane-associated c-kit ligand 
has been shown to be prevalent in bone marrow stromal cells 
[45,46]. Since primitive hematopoietic cells possess c-kit (that 
is, the receptor for c-kit ligand [47]), under in situ conditions 
it can be envisioned that, via c-kit, hematopoietic cells bind 
cell-associated c-kit ligand on stromal cells, positioning them- 
selves in proximity to respond to additional stromal-derived 
hematopoietic cytokines. Since the MGF used in our studies 

was a soluble c-kit ligand, high doses of MGF may have satu- 
rated c-kit on hematopoietic cells, preventing the binding of 
these receptors with stromal-associated c-kit ligand and there- 
fore preventing subsequent stromal-hematopoietic cell inter- 
actions that lead to proliferation and differentiation, result- 
ing in reduced hematopoietic recovery in irradiated mice. 
The fact that mice treated with the 400 pg/kg/d MGF dose 
exhibited decreased splenic CFU-S numbers concurrent with 
the greatest CFU-S mobilization may suggest an inability of 
these cells to attach to the splenic microenvironment. 

In conclusion, these studies demonstrate a dose-depen- 
dent ability of MGF to stimulate multilineage hematopoietic 
regeneration following radiation-induced hematopoietic 
injury. Detrimental effects observed following high-dose 
MGF treatment do not appear to be mast cell related, and 
their cause remains to be determined. However, the effects 
observed with "supraoptimal" doses of MGF suggest that cau- 
tion should be taken in dose-escalation trials in humans. 
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INCREASED FIBRINOGEN SYNTHESIS IN MICE 
DURING THE ACUTE PHASE RESPONSE: CO- 

OPERATIVE INTERACTION OF INTERLEUKIN 1, 
INTERLEUKIN 6, AND INTERLEUKIN 1 RECEPTOR 

ANTAGONIST 
Hanna Rokita,*     Ruta Neta,t    Jean D. Sipet 

Interleukin 6 (IL-6) stimulates fibrinogen (Fg) gene expression both in vivo and in vitro; 
while interleukin 1 (IL-1) paradoxically stimulates in vivo, yet inhibits in vitro, Fg synthesis. 
The naturally occurring interleukin 1 receptor antagonist (IL-lra) and passive immunization 
with anti-IL-6 antiserum were used to study the in vivo mechanism of action of IL-1 on Fg 
gene expression. Changes in plasma Fg and hepatic Fg mRNA concentrations were measured 
following administration of exogenous IL-lra together with IL-6 or IL-1 to CD2F1 mice. Our 
results suggest that in vivo, IL-1 per se inhibits Fg production since when IL-lra was co- 
administered with IL-6, greater concentrations of Fg were observed than when IL-6 was 
administered alone. The data suggest that IL-1 stimulates Fg production through interme- 
diate production of IL-6, since stimulation was abrogated when either IL-lra or anti-IL-6 
antiserum was co-administered with IL-1. An in vivo role for IL-lra in the stimulation of Fg 
by IL-1 was supported by the observation that within I h of IL-1 administration to mice, IL- 
lra mRNA was detectable in liver. It appears that IL-1, an early mediator of inflammation, 
inhibits constitutive expression of Fg genes and stimulates the IL-lra and IL-6 genes. The 
inhibitory effect of IL-1 is reversed by endogenous IL-lra and by the direct stimulation of Fg 
gene expression by IL-6. 

Changes in hepatic protein synthesis are a major 
manifestation of the acute phase response and are 
mainly regulated by the mononuclear phagocyte 
system through secretion of cytokines such as inter- 
leukin 6 (IL-6) and interleukin 1 (IL-i).1^ IL-6 and. 
to a lesser extent. IL-1 have been implicated as modu- 
lators of hepatic serum amyloid A (SAA) and fibrino- 
gen (Fg) mRNA and/or protein synthesis in humans 
and mice.4-7 Treatment of mice with endotoxin and 
the two lipopolysaccharide-induced cytokines. IL-1 
and TNF, caused an increase in plasma Fg concen- 
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tration.'s IL-1 is an early and pluripotent mediator of 
the acute phase response, with capacity to induce 
itself. IL-6 and a structurally related receptor ligand 
with antagonist activity, termed IL-! receptor antag- 
onist (IL-lra). Recently, recombinant generated 
preparations of IL-lra, a 17 kDa protein with 26-30% 
homology to IL-1 beta and 19% to IL-1 alpha have 
been used to distinguish physiological roles of IL-1 
from closely related cytokines such as IL-6.''"17 Since 
several in vitro studies'" indicate that constitutive 
and IL-6 stimulated Fg gene expression in hepatoma 
cell lines is inhibited by IL-1, the present study was 
undertaken to investigate the basis of the in vivo sti- 
mulatory effect of IL-1 on Fg gene expression. 

RESULTS 

IL-lra Inhibits IL-1, but Enhances IL-6, 
Stimulation of Plasma Fibrinogen 

In  vivo administration of exogenous cytokines 
demonstrates  biological  activity  and  permits com- 
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parison of dose response and sensitivity to individual 
cytokines. Although IL-1 alpha and IL-6 both stimu- 
lated a concentration-related elevation in Fg, IL-1 was 
more effective on a weight basis than IL-6 (Table 1). 

TABLE 1. 
cytokines. 

Stimulation of in vivo fibrinogen production by 

Treatment 
Fibrinoccn 

IL-1 (ng) IL-6(ng) IL-lra ((ig) (% control) 

1. _ - - 10(1 
2. 10 - 147 ± 15 
3. 3(K) - - 264 ±   5 
4. - 0.25 - 146 
5. - 1.25 - 157 ± 20 
6. 300 _ 100 115 ± 15 
7. _ _ 75 110 
8. _ 1.25 10 167 ±   7 
9. - 1.25 75 194 1   7 

Id - 1.25 100 213 ± 23 

Mice were bled 24 h alter inicctionb. Values are means and standard errors of 
two to three experiments, each three or four mice per group. Exceptions are 
numbers 4 and 7 where data from one experiment were available 

fractions contained varying amounts of ribosomal 
RNA, leading to fluctuation in the relative abundance 
of beta-actin mRNA. Therefore the results shown in 
Fig. 1 are normalized for the content of beta actin in 
each preparation: the quantities of beta-actin and 
GAPDH mRNA were comparable. IL-lra mRNA 
was not detectable at 3()min. appeared to reach maxi- 
mal levels at 2-3 h and was expressed at a diminished 
level by 5.5 h after IL-1 administration. 

IL-1 Stimulates Fg and SAA Production by 
Induction of IL-6 

IL-6 has been shown to mediate other in vivo 
responses to IL-lr-"" the role of IL-6 in IL-1 stimu- 
lated Fg gene expression was indicated by the re- 
duction in stimulation of Fg after administration of 
20ng IL-1 to mice passively immunized with anti-IL-6 
antiserum 16 h earlier (Table 2) as compared with Fg 

The stimulatory effect of IL-1 on Fg production was 
blocked by the co-administration of IL-lra with IL-1. 
In contrast, the stimulation of Fg by IL-6 was 
enhanced by co-administration of IL-lra and IL-6. 

Endogenous IL-lra Production in Response to IL- 
I but Not IL-6 

Endogenous expression of IL-lra mRNA in liver 
was detectable land 1.5 h after administration of IL-1 
alone and in combination with IL-6, but not after IL-6 
alone (Fig.  1). The poiyadenylated RNA enriched 
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Figure 1. Kinetics of IL-lra mRNA, relative to beta-actin mRNA 
in livers of mice. 

Results are given 0, 1, 1.5 and 5h after administration of IL-1 
( ▲ ; 3(H)ng). IL-6 ( Q : 1.25 jig) alone or in combi- 
nation (—■—) to mice. Northern blots were prepared from mouse 
liver RNA enriched in poiyadenylated mRNA. 3-5p.g/lanc. 
Results are representative of four experiments. 

TABLE 2.    Passive immunization with anti-IL-6 antibodies 
blocks stimulation of fibrinogen by IL-1. 

Fihrimigcn 

Pretreatment 
Protein 

(% control) 
mRNA 

(Fg/Actin mRNA) 
SAA 

(Hg/ml) 

None 
Anti-IL-6 
Rat la Control 
GlO.Ab Control 

176 ± 15 
UK ± 17 
310 ± 15 
182 ±   9 

1.0 
0.6 
iid 
1.2 

24K ± 25 
93 ±   4 

196 ±   2 
220 ± 16 

Each of three mice per group were injected with MHI^g of each Ig 16-20h 
prior to stimulation with 20ng of IL-1. Values are mean and standard errors 
of individual plasma samples obtained 24 h after administration of IL-1. nd = 
not done. Results are representative of two to lour experiments. 

concentration in mice that received no pretreatment 
or received control immunoglobulins. The ratio of 
hepatic Fg mRNA to hepatic actin mRNA 1 h after 
administration of IL-1 to mice pretreated with anti- 
1L-6 antibodies was 50% of that in mice treated with 
control immunoglobulins or in mice with no pretreat- 
ment (Fig. 2). The in vivo production of IL-6 follow- 
ing IL-1 was further demonstrated by reduction in 
plasma SAA (Table 2) which is known to be produced 
in response to the synergistic action of IL-1 and IL- 
6."4 We used a hybridization probe for gamma-Fg in 
these studies; expression of alpha, beta and gamma 
chains has been shown to proceed essentially co- 
ordinately2^ and in our study hybridization with either 
gamma-Fg or alpha-Fg specific cDNA probes 
revealed similar kinetics (Figs 1. 2). 
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Figure 2. Kinetics of Fg and IL-lra (mRNA, relative to beta-actin 
mRNA in livers of mice. 

Results arc given 0, I. 1.5 and 5 h after administration of IL-1 
(20ng), IL-6 (1.25|xg] alone and in combination to mice that 
received anti-IL-6 antibodies (600 p.g). control immunoglobulins 
(600tj.g)    or    no    treatment    I6h    earlier. ▲ .    IL-I: 
 B^ . IL-6; —■—, IL-I + IL-6; 0 . IL-1 + anti IL-6. 
Northern blots were prepared from mouse liver RNA enriched in 
polyadenyiated mRNA. ?-5p.g/lane. Insert shows the Northern 
hybridization signal for the I h time point. Results are representa- 
tive of four experiments. 

DISCUSSION 

This study has addressed the conflicting obser- 
vations that IL-1 suppresses Fg gene expression in 
hepatoma cell lines, yet enhances Fg gene expression 
in mice. "" The basis for increased concentrations of 
plasma Fg during the acute phase response, has, for 
the first time, been investigated by combining an 
analysis of plasma protein changes with changes in 
mRNA expression in liver. Using IL-lra together with 
IL-6 we can confirm in the in vivo situation the pre- 
viously reported in vitro inhibition of Fg gene ex- 
pression by IL-1. Our results also provide strong evi- 
dence that, in vivo, IL-1 counteracts its direct 
inhibitory effect on Fg gene expression by stimulation 
of IL-lra and IL-6 gene expression. In turn. IL-6 di- 
rectly stimulates Fg gene expression and IL-lra blocks 
inhibition of Fg gene expression by IL-1 leading to 
increased Fg production in the presence of IL-6. 

The observation of IL-lra mRNA expression in 
mice following IL-1 but not IL-6 administration (Fig. 
2) suggests that IL-lra exerts both temporal and bi- 
directional quantitative regulation of acute phase 
changes in liver protein synthesis by counteracting 

both the synergistic interaction of IL-1 with IL-6 
required for SAA induction and its antagonistic effect 
on Fg induction by IL-6.:'I^;12;:4 IL-1 has been shown 
to influence the effects of IL-6 on plasma proteins 
other than Fg. For example, IL-1 acts synergistically 
with IL-6 to enhance SAA gene expression by Hep 3B 
and Hep G2 cells.24 IL-1 has been shown to decrease 
the stimulatory effect on IL-6 on alpha-2-macroglobu- 
lin as well as Fg in Hep G2 cells."" These reports 
together with our findings in this paper indicate that 
IL-1 and IL-6 interactions may be one of the factors 
that contribute to the unique kinetic changes that indi- 
vidual acute phase reactants undergo during the acute 
phase response. 

The mechanism by which IL-1 reduces constitu- 
tive Fg production and IL-6 induced Fg gene up- 
regulation is not understood. The Fg genes are 
expressed constitutively in liver and are further stimu- 
lated by dexamethasone and IL-6 and indirectly by 
IL-1 and TNF.K3-22'2h The studies of Huber and co- 
workers demonstrated the interplay between IL-6 and 
glucocorticoid responsive elements in the promoter 
region of Fg genes.^ Fluctuation in receptor ratios 
and/or occupancy may play a role in the inhibitory 
effect of IL-1 on Fg gene expression. The recent 
studies of Nesbitt and Fuller27 indicate that IL-1 and, 
to a lesser extent, IL-6, may elicit a transient re- 
duction in the number of IL-6 receptors in rat hepato- 
cytes, whereas IL-6 and IL-1 increased IL-6 receptor 
mRNA in human primary hepatocytes.2's Other expla- 
nations may lie in the selective interaction of tran- 
scription factors. Thus, while our study has resolved 
the paradox of the conflicting in vivo and in vitro 
effects of IL-1 on Fg gene expression, the question as 
to how IL-1 down-reuulates Fe remains. 

MATERIALS AND METHODS 

Experimental Animals 

Female CD2Fl-mice. 6-8 weeks of age. free from overt 
disease, were employed. All animal handling procedures 
were performed as described21' in compliance with guide- 
lines from the National Research Council and the Armed 
Forces Radiobiology Research Institute. At various time 
points, citrated plasma was collected and livers were 
removed and snap-frozen in liquid nitrogen and stored at 
—850C for subsequent mRNA analysis. 

Reagents 

Recombinant human IL-1 alpha was the gift of Dr 
Peter Lomedico of Hoffman-LaRoche. Nutley. NJ. The 
preparation, lot IL-1 2/88 was stored in aliquots at -2()°C 
until use. Recombinant human interleukin 6, lot PPG9()01 
was provided by Dr E. Liehl, Sandoz Pharme AG, Basel, 
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Switzerland. The IL-lra was provided by Dr Robert 
Thompson. Synergen, Boulder. CO. Rat monoclonal anti- 
body to recombinant mouse IL-6 (MP5 20F3) was prepared 
using partially purified Cos-7 mouse IL-6 as immunogen 

(22). Rat monoclonal antibody to beta-galactosidase was 
used as an isotype control.21 

enunciated in the Guide for the Care and Use of 
Laboratory Animals, prepared by the Institute of 
Laboratory Animal Resources, National Research 
Council. 

Protein Assays 

Fibrinogen in citrated plasma was measured as the rate 
of conversion of fibrinogen to fibrin in the presence of 
excess thrombin using the Sigma Diagnostic Kit (Sigma 
Chemical Co., St Louis. MO) as calibrator to express the 
data as milligrams of fibrinogen per 100 ml plasma. 

Measurements of fibrin clot formation were performed on a 
fibrometer (Becton-Dickinson Co., Fairleigh, N.J.). Mouse 

SAA was measured by ELISA (Hemagen Diagnostics, 
Waltham, MA). 

RNA Extraction and Northern Blot Hybridization 
Analysis 

Polyadenylated RNA was extracted from individual 
and pooled livers using Mini RiboSep mRNA isolation kits 
(Collaborative Research, Bedfor4.. MA) according to the 
manufacturer's instructions. RNA was denatured by glyoxy- 
lation and size-fractionated by electrophoresis through 

1.5% agarose, and transferred to Genescreen Plus nylon 
membranes (Dupont NEN, Boston. MA). The quantity of 
IL-lra.16 fibrinogen.,,' actin31 and GAPDH'2 mRNA in 
each lane was determined by hybridization with the corres- 
ponding cDNA probes labelled with alpha-32P-dCTP 
(Dupont NEN, Boston, MA) using a random priming oligo- 
nucleotide labelling kit (Bethesda Research Laboratories, 
Gaithersburg, MD). Unincorporated cCTP was removed 
from the reaction mixture through the use of Nensorb col- 
umns (Dupont NEN). Following overnight hybridization at 
420C, filters were washed as previously described" and 
exposed to X-ray film at -70°C for 2-24 h. The relative 
abundance of SAA mRNA was measured relative to beta 
actin by scanning densitometry of autoradiographs follow- 
ing Northern blot hybridization. 
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Summary 

The application of an ar.tibody against tumour necrosis factor-alpha (TNF) to thin sections of plastic-embedded mouse tissue has 
identified sites of TNF activity in normal and endotoxin-treated C3 N/HeN mice. Prior to endotoxin treatment, TNF was observed 
in the secretory granules of the antibacterial Paneth cell and one type of crypt endocrine cell. Four hours after endotoxin treatment, 
these two types of intestinal cell were found to have degranulated. In addition, endotoxin treatment resulted in the appearance 
of TNF in the secretory granules of all eosinophils, neutrophils and monocytes in the bone marrow, spleen, lung and the proximal 
intestine. TNF was also observed in the internal elastic lamina (IEL) of arterioles. These results suggest that the process of TNF 
induction specifically targets the immune system and the vasculature. An invasive stimulus, such as circulating endotoxin, can 
provoke the immune cells to be armed with TNF. That same stimulus may cause arteriole smooth muscle cells to secrete TNF. 
TNF secretion in the presence of arteriole smooth muscle cells may play a role in the adjustment of arteriole tone. In the venules, 
TNF may be responsible for platelet and neutrophil accumulation which leads to embolism formation. 

Introduction 

The relationship between endotoxin and septic shock 
with tissue injury has been well documented (Tracey et al, 
1986; Rothstein & Schreiber, 1988; Havell, 1989; 
Natanson et al, 1989; Hinshaw et al, 1990; Wakabayashi 
el al, 1991). It has been suggested by Natanson and 
others, that endotoxin is not a requirement for septic 
shock since microorganisms, with or without endotoxin, 
can provoke a similar vascular response. It was thought 
that the invading microorganisms might be able to induce 
the expression of endogenous host mediators to target 
the vasculature and the immune system. The over- 
expression of these factors would ultimately cause the 
dysfunction of the target tissues. The cytokine tumour 
necrosis factor-alpha (TNF) (cachectin), has been con- 
sidered to be one of the host factors involved. An 
invasive stimulus, such as sepsis, initiates TNF synthesis. 
Excessive secretion of TNF leads to the condition of 
cachexia which is manifested by shock, multiple organ 
failure, wasting and death (Beutler & Cerami, 1986). 

To  better understand  the  mechanism by  which an 
invasive stimulus targets the vasculature and the immune 
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system, we have applied immunocytochemical techniques 
to localize TNF in tissues from normal and endotoxin- 
treated mice. In normal mice, we found the presence of 
TNF in the secretory granules of Paneth cells and 
endocrine cells in the crypts of Lieberkuhn of the 
proximal small intestine. Endotoxin treatment resulted in 
the appearance of TNF in the secretory granules of all 
neutrophils, eosinophils and monocytes examined. TNF 
was also localized in the internal elastic lamina of 
arterioles. The relationship between the site of TNF 
localization and the manifestation of tissue injury will be 
discussed. 

Materials and methods 

Animals 

C3H/HeN female mice of about 20 g in body-weight were 
purchased from Charles River Laboratories (Raleigh, NC). Mice 
were maintained in Micro-Isolator cages (Lab Products, Mary- 
wood, IL) and maintained on commercial rodent chow and 
acidified water (pH 2.5) ad libitum in a facility accredited by the 
American Association for Accreditation of Laboratory Animal 
Care. All animals were quarantined on arrival and tested for 
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Pseudomonas. Only healthy mice were released for experimen- 
tation. All animal protocols were pre-approved by an in-house 
Animal Care and Use Committee. 

Endotoxin 

Lipopolysaccharide derived from Escherichia coli (number 
437635, Calbiochem Corp., San Diego, CA) was diluted to a 
concentration of SOixgml"1 with sterile saline, and 0.1ml 
(5 |ig) was injected into the lateral tail vein of each mouse. Four 
hours later, mice were killed by cervical dislocation and 
specimens removed and fixed. Specimens obtained from unin- 
jected mice were used as controls. 

Specimen preparation 

Specimens were obtained from the proximal small intestine, 
spleen, bone marrow and lung and were immediately immer- 
sion-fixed in 1% paraformaldehyde (J- T. Baker Chemical, 
Phillipsburg, NJ) in a 100 mM cacodylate buffer (pH 7.3) 
containing 4 mM MgCl2. Tissue specimens were dehydrated in 
a graded series of methanol and embedded in L.R. White acrylic 
resin (The London Resin Co. Ltd, England) at 380C in gelatin 
capsules. Thick sections were stained with a mixture of 
Methylene Blue (1%) and Azure II (1%) and photographed with 
a Zeiss Ultrophot microscope. Thin sections after cytochem- 
istry were stained with 1% uranyl acetate in water and 
photographed with an Hitachi 7000 electron microscope. 
Because paraformaldehyde fixative has the disadvantage of not 
preserving cellular fine structure as well as glutaraldehyde does, 
attempts were made to perform studies using half-strength 
Karnovsky's fixative (a glutaraldehyde-containing fixative). 
Although it improved the general tissue appearance, this 
fixative also eliminated all binding of TNF antibody in the 
immunocytochemical assay. Washing tissue overnight to re- 
move excess glutaraldehyde did not improve antibody binding. 

Because of this limitation, paraformaldehyde was used as the 
fixative agent. 

Antibody labelling 

All thin sections were first floated on 20% normal whole goat 
serum (number 5006-1380 Cappel, Organon Teknika Corp., 
West Chester, PA). Without rinsing, sections were then floated 
overnight at room temperature on a 1:5 dilution of anti-TNF 
(number 654300 Calbiochem Corp., Mouse, Rabbit, IgG frac- 
tion), in antibody diluent. The antibody diluent was composed 
of 20 mM HEPES (N-2-hydroxyethylpiperazine-N '-2-ethansul- 
phonic acid), 10 mM EGTA (ethyleneglycol-te-(P-aminoethyl 
ether) N,N,N',N'-tetraacetic acid), 1% Tween 20, 1% bovine 
serum albumin, sodium chloride 0.43 M in deionized water. 
Control specimens were incubated overnight on a 1:100 
dilution of normal rabbit serum (number 5012-1380 Cappel, 
Organon Teknika Corp., West Chester, PA) in antibody diluent. 
The following morning the specimens were rinsed with five 
changes of antibody diluent and then floated on a 1:10 dilution 
of 10 nm gold-conjugated goat anti-rabbit immunoglobulin G 
(number G-3766 Sigma, St Louis, MO) in antibody diluent for 
Ih. 

Results 

Localization of TNF in specimens from normal mice 

In normal (non-endotoxin-treated) mice, TNF label was 
found only in the granules of the Paneth cell and the 
endocrine cell in the intestinal crypt. Many granule-bear- 
ing cells, as a result of paraformaldehyde fixation, ap- 
peared to have been activated. This can be seen in the 
light microscopic image (Fig. 1). In Fig. IA, the crypt 
region was sectioned longitudinally and its base was seen 

Fig. 1. Light-microscopic images of the crypts of Lieberkuhn in the proximal small intestine of the mouse. Goblet cells (g) have 
secreted while the Paneth cells (p) are partially secreted. Endocrine cells (e) can be identified by their low optical density. Mast 
cells (mc) can be seen in the connective tissue. The lumen (1) is centrally located in each crypt. (A) Longitudinal section of the 
intestine containing a lymphatic duct (*). (B) Cross-section of the crypt region, x 1000. 
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--:g. 2. JNF localization in a Paneth cell. TNF label was observed in the granules (a-d) and in the zrypi lumen (e). Low-magnification 
.mage- X5075. Bar-3|a.m. (A-E) High-magnification images of areas marked (a) through (e' in the Paneth cell. The apparent 
Taboles (arrowheads) at the periphery of the activated granules are vesicles, and reflect the phcs^holipid content of the granules 
Hjgn magnification = X27 750. Bar= 1 |im. 
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Fig. 3. Localization of TNF in the secretory granules of an intestinal endocrine cell. A secreting Paneth cell (p) in the upper right 
comer, a second endocrine cell (e) in the upper left corner, and a circulating red blood cell (rbc) in a capillary in the lower right 
comer are also shown. Low-magnification image = x 7350. Bar =2 |j.m. (A, B) High-magnification images of areas marked (a) and 
(b) in the endocrine cell. High magnification = x 38 500. Bar = 0.5 [im. 
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Fig. 4. Localization of TNF ii the secretory granules of an eosinophil in the bone marrow after endotcxir. adrrinistration. TNF 
lebel was observed in the secretory granules (a-c). Low-magnification image of cell = II 900. Bar= 1 (im (A-C) Hign-magnification 
images of areas marked a-c ;n the eosinophil. High magrification = X510OO. Bar=0.2,im. 

to be occupied by Panedi cells and an unidentified 
endocrine cell. An endocrine cell wi:h its cell body fac ng 
the submucosa and with a finger-like cytoplasmic exten- 
sion touching the lurren was also seen (Fig. IB). The 
connective tissue bereatr. the crypts is rich in lymphatic 
duzis and vasculature. The cross section of the crypts 
(Fig. IB) also shcwei a .arge numb€r of granule-bear ng 
secre-ory cells. 

The immunocytocherrical localization of TNF ir. a 
typical Paneth cell is shown in Fig. 2. The activared 
granules were heavily labeled with anti-TNF, especally 
in the peripheral regionE  of the granules where their 

matrices had become unravelled and dispersed. The inner 
domains of the granules which remaired condensed 
appeared to have less TNF labeding (Fig. 2, A-D). This 
may occur because these compact nydomobic areas are 
less accessible to artifcody penetration. The surface of the 
luminal mucosa conrained TNF as a resu.t of Paneth cell 
secretion (Fig. 2E) 

TNF was also observed in assoziaticr with the gran- 
ules of the endocri-.e cells in the crypt (Fig 3). These cells 
are normally located in areas adjacent to Paneth cells. The 
part of the cell bedy which cor tains trte granules is 
usually located near the serosa and cenHrugally from the 
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intestinal lumen aperture. These cells sample the luminal 
environment (Fig. IB) and they release their granules near 
the basement membrane in response to stimuli arising in 
the lumen. They were easily identified by light- or 
electron-microscopy due to the low optical and electron 
density of their nucleus and cytoplasm. 

Localization of TNF in specimens from endoloxin -treated mice 

Endotoxin treatment resulted in the extensive degranula- 
tion of both the Paneth cells and the endocrine cells. 
Furthermore, endotoxin treatment also resulted in the 
appearance of TNF in the secretory granules of all 
eosinophils, monocytes and neutrophils in all tissues 
examined. Figures 4-6 show examples of labelled cells. 
In Fig. 4, an eosinophil in the bone marrow, after host 
endotoxin treatment, showed intense TNF activity in the 
secretory granules. TNF was also localized in bone mar- 
row monocyte granules, as shown in Fig. 5. Several 
neutrophils in an intestinal venule were seen with light 
microscopy (Fig. 6A). One of these neutrophils (arrow), 
when examined with the electron microscope (Fig. 6B), 
exhibited cytoplasmic granules that contained TNF (Fig. 6, 
C—D). Circulating neutrophils of endotoxin-treated ani- 
mals contained fewer granules than untreated controls, 
indicating that these cells had secreted as a result of 
endotoxin treatment. A large accumulation of platelets 
was seen adjacent to the neutrophils in the venule 
(Fig. 6A); within this accumulation there were amorphous 
materials that revealed a TNF content with high magnifi- 
cation (Fig. 6E). The platelets themselves did not exhibit 
TNF activity while the neighbouring neutrophils did. The 
neutrophils were assumed to be the source of this secreted 
TNF. 

TNF was also localized in the internal elastic lamina 
(IEL) of arterioles in the bone marrow (Fig. 7). The images 
in Fig. 7 represent longitudinal sections through the lumen 
of an arteriole. The specific binding of TNF antibodies to 
the IEL was obvious. However, the origin of this TNF was 
not apparent because no significant localization of TNF 
was observed within either the adjacent endothelial cells 
or the underlying smooth muscle cells. Since the TNF label 
was seen in the elastin surrounding each smooth muscle 
cell in addition to the large ribbon which comprised the 
IEL, it can be assumed that the endotoxin-induced TNF 
might have been secreted by the smooth muscle cells with 
the elastin. 

Specimens treated with normal pre-immune serum as 
control did not exhibit gold labelling. 

Discussion 

The role of TNF in terms of the immune function has been 
difficult to assign due to the many apparently opposing 
aspects of its actions. It has been implicated in derange- 
ment of host physiology as manifested by shock, wasting, 
multiple organ failure and death (Beutler & Cerami, 1986; 
Tracey et al, 1986; Rothstein & Schreiber, 1988; Varani 
et al, 1988; Luedke & Humes, 1989; Natanson et al, 1989; 
Hinshaw et al, 1990). Our observation of the sites of TNF 
localization has led us to believe that TNF may serve as a 
'signal' to the host of an invasive trauma or threat. In this 
study, that threat was the presence of circulating endo- 
toxin which was perceived by the host as a systemic 
bacterial infection. The host responded to this threat by 
inducing the synthesis and the release of TNF by cells of 
the immune system and vasculature. 

Fig. 5. Localization of TNF in the secretory granules of a monocyte in the bone marrow. On the left is the low-magnification 
image of the monocyte at X8575. Bar = 2 urn. On the right is the high-magnification image of the area marked with arrows in 
the monocyte.  x 34 500. Bar = 0.5|Im. 
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Fig. 6. The intestinal crypt^rea 4 hours after endotoxin treatment. (A) Light micrograph. Paneth and endocrine cells have totally 
secreted their granules (*). .he close proximity of the crypts to a lymphatic duct (id), an arteriole (a) and a venule (v), can be 
seen. Neutrophils (n) in the venule are in association with an accumulation of platelets (p) in what may represent early embolism 
formation. A mast cell (mc) is seen in the connective tissue Light-micrograph magnification = X 1000. (B) Electron-micrograph of 
the neutrophil indicated with an arrow in the light-micrograph, (p) is a platelet. Areas indicated by stars (») in (B) are seen in high 
magnification in insets where the granules show label for TMF. Magn fication for (B) = 5600. Bar = 2 ^m. (C) Electron-micrograph 
of area adjacent to platelet (p) shows an amorphous material labelled for TNF (arrowheads). Magnification for (C) and the insets 
in (B) = x 50 250. Bar = 0.5 urn. 
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Fig. 7. Localization of TNF ir the in:emal e astic lamina of a bon^ marrow arteriole. (A) and (B) represent low-tragn ncaticn images 
of longitudinal sections shov/ing the lumer. (1), endothelial eels (ec), smooth muscle cells (sm) wd the intEma, elastic lamina 
(arrowheads) of an arteriole. =< 8550 Bars = 1 pin. The inset represents a high-magnification image cf ttie elastin (1 shown in (A), 
while (C) represents the elasrin [*) shown in (B). High magnification = X52 500. Bars = 0.5 nm. 
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The Paneth cell and the intestinal endocrine cell reside 
within the crypts of Lieberkuhn. These crypts are pockets 
in the gut wall where bacteria, including endotoxin-pro- 
ducing Gram-negative bacteria, are normally present 
(Fig. 1). Our observations indicate that the chronic pres- 
ence of bacteria in the gut induced TNF synthesis in 
the Paneth cell and the endocrine cell of normal, non-endo- 
toxin-treated, animals (Figs 2 and 3). The administration of 
exogenous endotoxin caused these two types of cell to 
degranulate and release TNF further. The Paneth cell 
secretes TNF into the lumen and this may serve to signal 
the intestinal mucosa of a bacterial threat. The Paneth cell, 
which also secretes lysozyme and immunoglobulin A 
(Rodning d al, 1976; Hauptman & Tomasi, 1976), may be 
an important component of the host intestinal immune 
defence system. Due to the strategic location of the 
endocrine cell granules, TNF secretion from these cells 
would be directed toward the vicinity of the vasculature 
and the lymphatic ducts in the connective tissues. This may 
serve to signal the circulating immune cells of a local 
presence of bacteria. This endocrine cell and the Paneth cell 
may play an important role in immune functions. 

The injection of endotoxin into the general circulation 
induced the synthesis and the packaging of TNF in the 
secretory granules of all eosinophils, monocytes and neu- 
trophils examined (Figs 4-6). The neutrophils and prob- 
ably the monocyte, besides containing TNF in their 
granules, also exhibited fewer than a normal complement 
of granules. This might suggest that endotoxin had stimu- 
lated these cells to secrete their TNF into the circulation 
(Djeu el al, 1990; Dubravec ei al, 1990). Neutrophils were 
often observed in the presence of large numbers of platelets 
within the venules (Fig. 6) in what appeared to be early 
embolism formation. The increased number of platelets in 
association with neutrophils was only observed in venules, 
and not in arterioles. 

Following endotoxin treatment, TNF also appeared in 
the elastin surrounding each smooth muscle cell. This TNF 
was more apparent in the thick elastic ribbon, the IEL, 
which comprises the physical substrate for the attachment 
of endothelial cells in the arterioles (Fig. 7). The presence of 
TNF in the IEL and the release of TNF by neutrophils and 
other circulating immune cells in the arteriole, represents a 
potential exposure of the endothelial cells to TNF sources 
from both the lumen as well as the attachment matrix. 

In our experiments we did not detect TNF labelling in 
the macrophage. This may be due to the fact that the 
maximal level of TNF induction in the macrophage usually 
occurs within one hour and declines rapidly thereafter 
(Chensue ei al, 1991). This narrow window of 
TNF production must have been missed in our four-hour 
time period between endotoxin injection and tissue 
fixation. 

Rothstein & Schreiber (1988) have studied the endo- 
toxin response in pathogen-free mice. They concluded 
that, for tissue injury to occur, four criteria needed to be 
met. These included endotoxin priming, TNF secretion. 

SCHMAUDER-CHOCK, CHOCK and PATCHEN 

neutrophil activation, and an unidentified 'cellular respon- 
siveness'. In our experiment, we have also observed TNF 
secretion and neutrophil activation following endotoxin 
priming. Furthermore, we have also consistently observed 
a response by the vasculature. This vascular responsive- 
ness to endotoxin includes neutrophil and platelet aggre- 
gation (embolism formation) in the venules and an 
accumulation of TNF in the arteriole wall, that may imply 
a change in the arteriole tone. 

We propose that, once the 'signal' of an invasive threat 
is perceived by the host, circulating granulocytes and 
monocytes become armed with TNF. They circulate nor- 
mally and will secrete their TNF only when and where they 
are challenged by a specific stimulus. This makes the release 
of TNF very site-specific and localized. 

In our experiments, endotoxin was injected systemically 
into the circulation, causing cells of the immune system and 
vasculature to become armed with TNF. Since neutrophils 
specifically respond to bacteria, the systemic presence of 
endotoxin could potentially trigger all neutrophils to 
secrete their TNF throughout the circulation. 

The stimulation of neutrophils is accompanied by the 
release of lipid mediators such as platelet activating factor 
(Sisson ei al, 1987; Warren ei al, 1990; Mozes ei al, 1991). 
In the venules, the endotoxin-triggered release of TNF and 
lipid mediators may be instrumental in causing the aggre- 
gation of platelets and neutrophils resulting in clot for- 
mation and venule occlusion. 

The drastic drop in the mean arterial blood pressure 
associated with endotoxic shock has been linked to the 
release of lipid mediators such as prostaglandin E2 (PGE2), 
a well known vasodialator substance (Messina el al, 1976; 
Kettelhut ei al, 1987; Mozes ei al, 1991). The localization 
of cyclo-oxygenase and PGE2 in the secretory granule, and 
the localization of PGE2 in the IEL of intestinal arterioles, 
have also been reported (Schmauder-Chock & Chock, 
1989, 1992). It can be implied that TNF and lipid mediators 
may be responsible for the drop in arterial tone associated 
with septic shock. Our localization of TNF, and addition- 
ally, the previous localization of PGE2 to the IEL, lead us to 
consider that the arterial smooth muscle may react to 
circulating stimuli with the production of vaso-active 
mediators such that they may self-regulate their own 
tonicity. This may be a means of regulating the local blood 
flow. 

Venule occlusion may be an intrinsic mechanism of the 
vasculature to confine invasive bacteria to the capillary bed 
and prevent their distribution into the general circulation. 
Venule occlusion, when coupled with a drop in the arteriole 
tone, may serve to increase the capillary blood volume and 
to facilitate the influx of immune cells to combat the 
invasive bacteria. Therefore, in the micro-environments, 
these mechanisms serve to limit the scope of an invasive 
threat and facilitate the elimination of bacteria from the 
circulation. However, when they function systemically, 
they may induce shock, multiple organ failure, wasting and 
death. 
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It was recently shown that interleukin (IL)-6 is an important mediator involved in the Colon 
(C)-26 model of experimental cancer cachexia. In this study, we wished to determine whether 
IL-6 is also involved in several metabolic changes associated with lipopolysaccharide (LPS) 
challenge. Administration of a relatively high amount of LPS to mice induced a transient 
weight loss, hypoglycemia, hypertriglyceridemia and an increase in the hepatic acute phase 
reactant, fibrinogen. Pretreatment of mice with the rat anti-murine IL-6 antibody (20F3), 
but not with a control antibody, resulted in a significant improvement of LPS-induced 
hypoglycemia and weight loss as well as a significant decrease of plasma fibrinogen. 
Anti- IL-6 antibody had no effect on LPS-induced hypertriglyceridemia. On the other hand, 
the pretreatment of mice with anti-murine TNF (TN3.19) antibody was able to completely 
inhibit elevation of triglycerides and modestly improve LPS-induced weight loss although 
it had no effect on hypoglycemia and fibrinogen production. Taken together, these results 
suggest that IL-6 plays a role in some of the metabolic changes associated with both an acute 
(i.e. LPS challenge) and chronic (C-26 cachexia) inflammatory conditions. 

Prolonged exposure to an inflammatory stimulus 
may result in chronic wasting or cachexia. In neoplastic 
diseases, the presence of wasting of muscle and fat 
tissues is quite frequent1 and complicates therapeutic 
intervention.2 Tumor necrosis factor (TNF) has been 
suggested as a mediator of cancer cachexia because 
it suppresses metabolic enzymes such as lipoprotein 
lipase (LPL) activity and induces anorexia and weight 
loss when administered into experimental animals.3"5 

Recently, however, an experimental cachexia model 
has been identified that appears to involve another 
factor. This model involves a cell line derived from 
colon   (C)-26   adenocarcinoma,   which   retains   the 
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transplantability of the original tumor and causes 
severe weight loss in syngeneic hosts.6 In this model, 
we showed that interleukin (IL)-6 appears to have 
a more significant role than TNF in mediating the 
various parameters of wasting. This was based on the 
finding that the monoclonal antibody (MAb) against 
murine IL-6 (20F3) but not a MAb against murine 
TNF (TN3.19) could prevent the development of 
key parameters of cachexia, including weight loss, 
hypoglycemia and hepatic acute phase response.6 

More recently, IL-6 was also found to reduce LPL 
activity in vitro and in vivo.7 

Profound metabolic disturbances are not restricted 
to chronic diseases but can also occur during infection.8 

Many of these metabolic changes can be reproduced 
by the administration of bacterial products such as 
lipopolysaccharides (LPS).910 LPS induces TNF, IL-1 
and IL-6, each of which is thought of as primary 
mediator of acute inflammation, since direct admin- 
istration of each of them mimics some inflammatory 
events. The overlapping effects of cytokines, together 
with their induction of each other, as in the case of IL-1 
and TNF, as well as the induction of IL-6 by both IL-1 
and TNF, has complicated the precise determination of 
their individual contributions to events associated with 
acute inflammation. 

CYTOKINE, Vol. 5, No. 4 (July), 1993: pp 285-290 285 
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In this report, using neutralizing anti-cytokine 
MAb, we attempted to determine the relative con- 
tribution of TNF and IL-6 in several metabolic changes 
associated with endotoxin shock in vivo. 

RESULTS 

LPS Induces Transient Weight Loss 

To determine whether LPS induces weight loss in 
CDJFJ mice, increasing amounts of LPS were injected 
and the change in body weight was recorded at 24 h 
intervals (see Materials and Methods). The results in 
Table 1 show that LPS administration induces a tran- 
sient but significant weight loss. Maximal change could 
be seen at 48 h after injection of 100 pg/mouse of LPS. 
Of note, maximal serum TNF and IL-6 levels in this 
system were found at 1-2 h and 3-A h post-endotoxin 
(30 ng/mouse), respectively (data not shown). These 
results confirm those obtained previously.11 

Inhibition of Weight Loss by Anti-IL-6 MAb 

Next, we attempted to reverse the endotoxin- 
induced weight loss by the neutralizing anti-IL-6 
antibody 20F3. Table 2 shows that pretreatment of 
mice with anti-IL-6 significantly reduced LPS-induced 
weight loss (10.9% in RIgG vs 3.2% in 20F3 treated 

mice at 24 h and 14.1% in RIgG vs 4.7% in 20F3 
treated mice, 48 h post-endotoxin). Anti-TNF MAb 
reduced by c. 50% the LPS-induced weight loss, but 
only within 48 h. 

Differential Involvement of IL-6 and TNF in 
LPS-induced Metabolic Changes 

Table 3 clearly demonstrates that pretreatment of 
mice with MAb anti-IL-6 significantly inhibits LPS- 
induced hypoglycemia. In the same set of experiments, 
the pretreatment of mice with anti-TNF MAb did 
not improve hypoglycemia. The same pattern of 
differential involvement of these cytokines, could be 
observed with regard to LPS induction of the hepatic 
acute phase reactant fibrinogen. Table 4 shows that 
whereas the anti-IL-6 MAb 20F3 significantly reduced 
plasma fibrinogen concentrations, anti-TNF antibody 
did not affect the level of this LPS-induced inflamma- 
tory marker. On the other hand, pretreatment with 
anti-TNF almost completely blocked the LPS-induced 
increase in serum triglycerides (Table 5), whereas 
the anti-IL-6 MAb failed to block LPS-induced 
hypertriglyceridemia. 

Modulation of Serum IL-6 Levels by Anti-TNF and 
Anti-IL-6 MAb 

To determine whether the anti-cytokine MAb 
used in this study affected LPS-induced IL-6 levels. 

TABLE 1.    Time and dose dependent responses of LPS-induced weight loss. 

% weight loss 
Treatment 24 h 48h 72 h 96h 

PBS 0 -1.0 ±0.5 -1.0 ±0.5 2.0 + 0.5 
LPS(10Mg/mouse) 5.1 ± 1.3 2.1 ± 1.0 3.2 ± 1.0 -1.2 ±0.5 
LPS (30 Mg/mouse) 8.2 ± 1.7 9.5 ±2.5 5.3 ± 2.0 -1.8 ±0.5 
LPS (100 ng/mouse) 10.4 ± 0.9 16.2 ± 1.2 8.1 ±0.8 2.1 +0.2 
LPS (300 ^g/mouse) 10.0 ± 1.1 16.1 ± 1.5 8.3 ±0.8 NT 

CDjF, male mice received an i.p. injection of 0.25 ml of PBS or the indicated amount of LPS. Weight loss was determined 
as described in Materials and Methods on six mice per group. Results are expressed as mean ± SD of cumulative % weight 
loss. NT = 

TABLE 2.    Inhibition of LPS induces weight loss by anti-IL-6 MAb. 

Group Pretreatment Treatment 
% weight loss 

at24h 
% weight loss 

at48h 

PBS PBS 0 0 
PBS LPS 12.2 ± 1.5 15.0 ± 1.7 

RIgG LPS 10.9 ± 1.6 14.1 ± 1.5 
HIgG LPS 11.6 ±2.6 16.5 ± 1.6 
20F3 LPS 3.2 ±2.9* 4.7 + 1.5* 

TN3.19 LPS 10.6 ± 1.2 8.1 ± 1.0* 

CD2F, mice (six per group) were pretreated 16 h before LPS injection (100 jig) with 0,6 mg per mouse of RIgG and 20F3 
or with 0.3 mg per mouse of HIgG and TN3.19. Percent weight loss between the time of LPS injection and 24 and 48 h 
was recorded. Results are expressed as mean ± SD. Asterisk represents a P value less than 0.01 of group 5 from 3 and 
6 from 4. 
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mice were pretreated with antibody and at various time 
points after LPS injection, mice were bled and serum 
IL-6 levels were quantified by both the B-9 bioassay 
and an ELISA. Table 6 shows that pretreatment 
of mice with TN3.19 anti-TNF MAb reduced the 
amount of serum IL-6 by c. 50% as compared with 
the controls (PBS or HIgG). In contrast, pretreatment 
with anti-IL-6 MAb resulted in a tremendous increase 
in both bioactive and immunoreactive IL-6 levels as 
compared to the controls. At 4 and 6 h post-endotoxin, 
20F3 increased the circulating IL-6 levels by 28- and 
274-fold, respectively. Of note, these results were 
reproduced twice with similar results. Also, the addi- 
tion of fresh 20F3 MAb to diluted serum sample from 
all the groups in the experiment abiogated the cellular 
proliferation of B-9 cells in the bioassay. 

DISCUSSION 

Pro-inflammatory cytokines, IL-1, TNF and IL-6 
have been implicated in the pathophysiological events 
associated with septic shock, bacterial toxemia and a 
variety of chronic inflammatory conditions. This was 
based in part on experiments where the administration 
of recombinant cytokines could mimic most of the 
changes associated with inflammation. For example, 
injections of IL-1 and TNF induce fever, neutrophilia, 
hypotension, hepatic acute phase response, activate 
the hypothalamic-pituitary-adrenal axis, weight loss, 
hypertriglyceridemia, hypoglycemia as well as stimu- 
late the induction of secondary mediators including 
IL-6. However, the relative contribution of each of 
these cytokines to the overall metabolic changes asso- 

TABLE 3.    IL-6 is involved in LPS-induced hypoglycemia. 

Pretreatment Treatment Expt. I Expt. 2 Expt. 3 Expt. 4 

PBS 
PBS 
RIgG 
HIgG 
20F3 
TN3.19 
20F3 
RIgG 

PBS 148 ± 9 
LPS 86 ± 9 
LPS 83 + 5 
LPS 81 ± 16 
LPS 115 ± 4* 
LPS 78 ± 3 
PBS NT 
PBS NT 

131 ± 8 
90±3 
89 ± 4 
83 ±5 

106 ± 5* 
82 ±5 
NT 
NT 

130 ± 10 
NT 

74 ± 3 
NT 

112 ± 5* 
NT 

148 ± 10 
126 ± 15 

NT 
100 ±5 
96 ± 11 

NT 
123 x 4 

NT 
NT 
NT 

CD,F,  male mice were pretreated as described in Tahlc 2.  In experiments 1, 3 and 4 the amount of LPS used was 
30 ng/mouse. In experiment 2 the amount of LPS used was 100 ng/mouse. There were 4-5 mice per group. Mice were 
bled at 4 h post-LPS injection, except in expcrimenl 4 where mice were bled at 6 h post-endotoxin. Results arc expressed 
in mg/dl ± SI). NT = nol (esled. 
' P < 0.01 from RIgG injected group. 

TABLE 4.    IL-6 is involved in LPS-induced elevation of fibrinogen. 

Pretreatment Treatment Expt, 1 Expt. 2 Expt. 3 

PBS PBS 257 ± 15 239 ± 31 300 ±61 
PBS LPS 568 ± 47 711 ± 160 523 ± 123 
RIgG LPS 619 ± 127 824 ± 49 454 ± 136 
HIgG LPS 693 ± 77 734 ± 48 554 ± 92 
20F3 LPS 396 ± 5* 480 ± 78* 293 ± 22* 
TN3.19 LPS 640 ± 61 860 ± 16 445 ± 76 

See footnote to Table 3. Plasma was collected 24 h post-endotoxin. Results arc expressed in mg/dl 
* P < 0.01 from RIgG-injected mice. 

SD. 

TABLE 5.    TNF but not IL-6 is involved in LPS-induced hypertriglyceridemia. 

Pretreatment Treatment Expt. I Expt. 2 Expt. 3 

PBS 
PBS 
RIgG 
HIgG 
20F3 
TN3.19 

PBS 98 ± 10 
LPS 171 ± 12 
LPS NT 
LPS 178 ± 20 
LPS 156 ± 17 
LPS 116 ±4* 

112 ± 18 
161 ± 28 
176 ± 33 
198 ± 25 
163 ± 23 
106 ± 15* 

96 ± 10 
170 ± 18 
180 ± 32 
169 ± 25 
165 ±8 
100 ± 16* 

See footnote to Table 3. Results arc expressed in mg/dl ± SD. NT = nol tested. 
' P < 0.01 from HlgG-injected mice. 
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TABLE 6.    Anti-TNF reduces and anti-IL-6 elevates circulating IL-6 levels. 

Post -endotoxin 4h 
: h 6 h 
B-9 ELISA B-9 B-9 

Prctreatment Treatment 

PBS I,PS NT 31 ± 10 33 ±3 6±3 
RIgG LPS 72 ± 10 32 ± 13 31 ± 10 7±3 
20F3 LPS 401 ± 50 975 ± 150 880 ± 100 1922 ± 300 
HIgG LPS NT NT 35 ±7 NT 
TN3.19 LPS NT 17 ±7 12 ±3 NT 

CD;,?, male mice (3-6 per group) were pretrcated with PBS or antibodies as indicated in Table 2. At the indicated time 
points relative to LPS (30 Mg/mouse) injection, mice were bled and serum samples were subjected to IL-6 bioassay (B-9) 
and ELISA. Results arc expressed in units x 10-3/ml or ng/ml for B-9 assay and ELISA, respectively. Normal levels of 
IL-6 in CD^, mice are 0.02 ± 0.01 ng/ml in ELISA. The addition of fresh 20F3 (10 |ig/ml) abrogated cellular proliferation 
of B-9 cells in all samples tested. NT = not Icslcd. 

ciated with endogenously produced cytokines during 
inflammation is not fully appreciated. 

Recently, we showed that IL-6 is involved in key 
parameters of wasting associated with the develop- 
ment of C-26 tumors in vivo. Thus, hypoglycemia, 
acute phase response and the loss of muscle and 
fat tissues were prevented by the rat anti-murine 
IL-6 MAb-20F3.6 TNF did not appear to play a 
role in this experimental model, since anti-TNF 
MAb-TN3.19, did not improve cachexia. There- 
fore, it was of interest to determine how general 
is the role of IL-6 in inducing metabolic changes, 
especially in an experimental system where TNF is 
known to be produced. In this paper, we show that 
anti-IL-6 MAb inhibited LPS-induced weight loss, 
hypoglycemia and acute phase response. Interestingly, 
anti-TNF antibody only modestly reversed weight loss, 
did not improve the extent of hypoglycemia and acute 
phase response, but was very effective in blocking 
LPS-induced hypertriglyceridemia. Thus, these results 
appear to support our previous data obtained in the 
C-26 chronic inflammation model and to extend the 
role of IL-6 in mediating several metabolic alterations 
to an acute type inflammatory condition. 

Chronic and acute infections have been associated 
with changes in glucose metabolism which could be 
reproduced by administration of IL-1, TNF but not 
IL-6. Typically, these changes involve an enhanced 
rate of glucose utilization in a variety of tissues, 
including liver, spleen, ileum and lung.12 However, 
in septic animals or following TNF infusion, a cor- 
responding increase in hepatic glucose production, 
probably related to elevation in glucagon levels,13 par- 
tially compensates for the increase in glucose uptake 
resulting only in a modest hypoglycemia. Indeed, high 
doses of LPS used in our study reduced glucose levels 
by only 30 to 40%. 

The finding that anti-IL-6, and not anti- 
TNF antibody, reverses significantly LPS-induced 
hypoglycemia confirms and extends previous findings 

which demonstrated that IL-1 receptor antagonist, but 
not anti-TNF antibody partially reverses LPS-induced 
hypoglycemia.1415 Whereas TNF itself, given in a 
sufficient dose (5-7.5 ng/mouse), induced a modest 
hypoglycemia, which was partially reversed by anti- 
IL-6 treatment,16 the administration of IL-6 to mice 
did not lead to a reduction of blood glucose levels (our 
unpublished results). Surprisingly, anti-IL-6 antibody 
did not affect IL-l-induced hypoglycemia.16 Taken 
together, these blocking experiments suggest that IL- 
6, like IL-1, contributes to LPS-induced hypoglycemia. 
However, unlike IL-1, which when given by itself 
induces hypoglycemia, IL-6 may require an interaction 
with other LPS-induced factors, the identity of which 
remains to be determined. 

In contrast, our experiments with anti-TNF clearly 
show that the elevation in triglyceride levels—known 
to occur during infection8—involves TNF. These find- 
ings support previous results. Daily administration of 
TNF to animals induces hypertriglyceridemia,17 which 
was linked to TNF-induced decrease in LPL activity.3-4 

More recent studies, however, suggested that TNF 
increases serum triglycerides by stimulating hepatic 
lipogenesis and not by inhibiting adipose tissue LPL 
activity or triglyceride clearance (for review see ref. 
18). 

Results presented here also show that the improve- 
ment in several LPS-induced inflammatory markers 
such as hypoglycemia, weight loss and acute phase 
response which involves IL-6 cannot be directly 
linked to a reduced serum level of this cytokine. 
Paradoxically, the anti-IL-6 20F3 induced a signifi- 
cant increase in serum IL-6 levels. This observation 
was recently made in 20F3-treated mice when the 
generalized Schwartzman reaction was induced. The 
20F3 MAb provided partial but a significant protection 
against the reaction and yet resulted in an increase 
of circulating IL-6 levels.19 Also, this phenomenon is 
not restricted to the 20F3 MAb, as anti-human IL-6 
MAb prolonged serum IL-6 levels in mice injected 
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with recombinant human IL-6.20 One explanation 
of this observation may involve an antibody-dependent 
slower clearance of the cytokine. However, the diffi- 
culty with this is that the increased level of IL-6 does 
not represent inactive antigen-antibody complexes. 
This is based on the following findings. First, the 
IL-6 in the circulation of anti-IL-6-treated and 
LPS-challenged animals is still active in the B-9 
assay. Second, this activity in the bioassay was fully 
neutralized when fresh 20F3 was added. Third, a 
significant signal was obtained in an IL-6 specific 
enzyme-linked immunosorbent assay (ELISA) where 
the capturing antibody was 20F3. Together, this would 
argue that the increase in serum IL-6 may represent 
free cytokine in a form which is not bound to the 
antibody. A second explanation of this phenomenon 
is a potential feedback mechanism where the presence 
of the antibody in vivo induces excess synthesis of 
IL-6. However, it is difficult to assume that antibody- 
dependent increase in IL-6 level in vivo results in a 
protection against LPS-induced deleterious changes. 
IL-6 is currently designated as a pro-inflammatory 
cytokine, which is based in part on its ability to 
stimulate hepatic acute phase protein production21 

and pituitary hormones such as ACTH,22 and to inhibit 
LPL activity in vivo.7 Together with the demonstration 
that in our system, anti-IL-6 treatment greatly reduced 
fibrinogen levels, these data support the notion that 
the effect of IL-6 on the liver and possibly other 
tissues as well in LPS-treated mice, was neutralized. 
Furthermore, with a different assay system, no IL-6 
could be found in the sera of IL-1 treated mice.16 Thus, 
the significance of the increase in the B-9 assay and in 
the ELISA, in sera of mice receiving blocking antibody 
to IL-6, will require further investigation. 

Measurements of Glucose, Fibrinogen and 
Triglycerides 

Mice were injected with antibodies intraperitoneally 
16 h before LPS challenge as indicated in Tables 1-6. 
The quantity of 20F3 and RIgG was 0.6 mg/mouse and 
the quantity ofTN3.19 and HIgG was 0.3 mg/mouse. Serum 
was collected for glucose and triglyceride determinations 
which were performed using an Ektachem DT-60 analyser 
(Eastman Kodak Co, Rochester, NY). Plasma fibrinogen 
was determined using a kit from Sigma (St. Louis, MO). 
Human fibrinogen was used as a standard. 

Measurements of IL-6 

IL-6 assays were performed as previously described.^ 
One unit of IL-6 was defined as the amount required for half 
maximal stimulation of cell proliferation in the assay. The 
addition of 10 pg/ml of 20F3 abrogated proliferation of B-9 
cells in response to diluted test samples. IL-6 was also quan- 
tified using a murine IL-6 ELISA from Endogen (Boston, 
MA). This ELISA uses 20F3 as a capturing antibody. 

Statistical Analysis 

Differences in weights and glucose, fibrinogen and 
triglyceride levels were compared by using computerized 
analysis of variance (ANOVA). 
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