
0270-6474/83/0304-0714$02.00/O 
Copyright 0 Society for Neuroscience 
Printed in U.S.A. 

The Journal of Neuroscience 
Vol. 3, No. 4, pp. 714-724 

April 1983 

GUANETHIDINE-INDUCED DESTRUCTION OF PERIPHERAL 
SYMPATHETIC NEURONS OCCURS BY AN IMMUNE-MEDIATED 
MECHANISM1 

PAMELA TOY MANNING,’ CHRISTINE W. POWERS, ROBERT E. SCHMIDT,* AND 

EUGENE M. JOHNSON, JR. 

Departments of Pharmacology and *Pathology, Washington University School of Medicine, St. Louis, Missouri 63110 

Received August 3, 1982; Revised November 2, 1982; Accepted November 11, 1982 

Abstract 
Guanethidine, a guanidinium adrenergic neuron blocking agent, when administered chronically at 

high doses to newborn or adult rats, causes destruction of peripheral sympathetic neurons. Neuronal 
destruction is preceded by small cell infiltration of the sympathetic ganglia and is suggestive of an 
immunologically mediated mechanism. Immune reconstitution experiments were carried out to 
demonstrate that guanethidine-induced neuronal destruction occurs by an immunologically me- 
diated mechanism. To determine the dose of irradiation necessary to protect against neuronal cell 
death induced by guanethidine, 3-week-old Lewis rats were treated with either 600, 750, or 900 rads 
of y-irradiation 6 hr prior to the initiation of guanethidine treatment. Rats received 50 mg/kg of 
guanethidine sulfate for 5 days, were killed 2 days later, and the superior cervical ganglia were 
dissected for assay of tyrosine hydroxylase activity and for light microscopic evaluation. Irradiation 
protected against guanethidine-induced destruction in a dose-related manner, with virtually com- 
plete protection afforded by doses of 900 rads. Adoptive transfer recipients were irradiated with 850 
rads immediately prior to cell transfer. Adoptive transfer experiments involved four groups of 
animals: group A (guanethidine only); group B (irradiated only); group C (irradiated + guanethidine); 
and group D (irradiated + guanethidine + syngeneic spleen and bone marrow cells). By light 
microscopic examination, sympathetic ganglia from animals in groups B and C were normal, whereas 
ganglia from animals in group A showed the usual marked small cell infiltration and neuronal 
destruction. Animals in group D, in contrast to group C, showed clear small cell infiltration of the 
ganglia and neuronal destruction. In addition, tyrosine hydroxylase activity was significantly reduced 
in group D compared to groups B and C. By ultrastructural analysis, the cellular infiltrate within 
the ganglia of guanethidine-treated rats consists of small lymphocytes, activated lymphocytes, 
macrophages, and polymorphonuclear leukocytes. T lymphocytes, responsible largely for cell-me- 
diated immune responses, were identified immunohistochemically within ganglia of treated animals. 
These results indicate that the small cell infiltration and neuronal destruction due to guanethidine 
treatment involve an immune-mediated component. 

Guanethidine is a guanidinium adrenergic neuron destruction of sympathetic neurons seems to be due to 
blocking agent used clinically as an antihypertensive the selective accumulation of guanethidine within this 
agent. The chronic administration of high doses of gua- cell type. Guanethidine does not accumulate in other cell 
nethidine to either newborn or adult rats, but not to types (i.e., sensory neurons) nor does it cause their de- 
other species, causes destruction of peripheral sympa- struction (Burnstock et al., 1971; Eranko and Eranko, 
thetic neurons (i.e., sympathectomy). The specificity for 1971; Jensen-Holm and Juul, 1971). 

Several mechanisms have been proposed to account 

’ Part of the results were presented in abstract form at the annual 
for the cytotoxic effects of guanethidine, including the 

meeting of the Society for Neuroscience, October 1981. This work was 
inhibition of oxidative phosphorylation (Heath et al., 

supported by National Institutes of Health Grants HL-20604 and AM- 1972; Johnson and Aloe, 1974), the inhibition of the 
19645 and Cardiovascular Training Grant 5-T32-HL-07275. P. T. M. is retrograde transport of nerve growth factor (NGF) 
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ronal destruction induced by guanethidine (Johnson and 
Hunter, 1979; Johnson et al., 1979; Johnson and Taylor, 
1980). The cytotoxic effect is associated with a marked 
infiltration of small cells into the ganglion, presumably 
lymphocytic (Erankii and Eranko, 1971; Jensen-Holm 
and Juul, 1971). The small cell infiltration seems to 
precede the neuronal cell death (Manning et al., 1982). 
This and several other observations in the literature 
(Eranko et al., 1972; Johnson and Aloe, 1974; Evans et 
al., 1975; Rev&z and van der Zypen, 1979) suggested for 
reasons we have previously described (Manning et al., 
1982) that guanethidine may exert its cytotoxic effects 
by an immunologically mediated mechanism. Indeed, 
this type of mechanism was suggested in the early paper 
of Jensen-Holm and Juul (1971). In support of this hy- 
pothesis, we have recently shown that the administration 
of various immunosuppressive agents, including cyclo- 
phosphamide, y-irradiation, azathioprine, and dexameth- 
asone, partially or completely prevented guanethidine- 
induced neuronal destruction. The protection afforded 
by these immunosuppressive agents was not due to a 
failure of guanethidine to accumulate within the ganglia, 
nor did these agents protect against the sympathectomy 
produced by administration of either 6-hydroxydopamine 
(6-OHDA) or antibodies to NGF (Manning et al., 1982), 
both of which destroy sympathetic neurons without elic- 
iting an immune response in the treated animal (Levi- 
Montalcini and Angeletti, 1966; Angeletti and Levi-Mon- 
talcini, 1970). 

To demonstrate that guanethidine-induced destruc- 
tion occurs by an immunologically mediated mechanism, 
adoptive transfer experiments were carried out. Immune 
competent spleen and bone marrow cells obtained from 
syngeneic, normal rats were transferred to lethally irra- 
diated recipients. The lethally irradiated rats were then 
treated with guanethidine to determine whether immune 
reconstitution restored sensitivity to guanethidine-in- 
duced sympathectomy. This type of protocol has classi- 
cally been used to establish an immune mechanism as 
the basis for various phenomena (Paterson, 1960; Abram- 
son et al., 1977; Ertl, 1981). In addition, the small cells 
which accumulate within the ganglia following guaneth- 
idine treatment were characterized using ultrastructural 
and immunohistochemical techniques. 

Materials and Methods 

Animal treatments 

Adoptive transfer experiments. To determine the 
amount of irradiation necessary to provide maximal pro- 
tection against guanethidine-induced neuronal destruc- 
tion, 3-week-old, male Lewis rats (M.A. Bioproducts, 
Walkersville, MD) were treated with either 600, 750, or 
900 rads of y-irradiation (Gamma Cell 40, Atomic Energy 
of Canada). Three-week-old animals were the youngest 
which we were able to inject with sufficient volumes of 
cell suspensions. Animals were irradiated 6 hr prior to 
the initiation of guanethidine treatment, as the most 
effective immunosuppressive effects of irradiation have 
previously been shown to occur when irradiation pre- 
cedes or coincides with antigen administration (Kohn, 
1951). Rats received 50 mg/kg of guanethidine sulfate 
(Ciba-Geigy Corp., Summit, NJ) intraperitoneally for 5 

days, were killed 2 days later, and the superior cervical 
ganglia (SCGs) were quickly dissected for assay of tyro- 
sine hydroxylase (TOH) activity and for histological eval- 
uation. The controls for the guanethidine alone group 
(no irradiation) were untreated. For each dose of irradia- 
tion, there was a control group that received the indicated 
amount of radiation but no guanethidine (irradiated con- 
trol groups). 

Adoptive transfer experiments involved four groups of 
animals: group A-guanethidine only, no irradiation; 
group B-irradiated only; group C-irradiated + gua- 
nethidine; and group D-irradiated + spleen and bone 
marrow cells + guanethidine. In two separate experi- 
ments, 3-week-old, male Lewis rats (groups B, C, and D) 
were treated with 850 rads of y-irradiation immediately 
prior to the initial cell transfer. Cells were transferred on 
2 successive days, because recipients, presumably due to 
their size (60 to 80 gm at 3 weeks of age), were found not 
to tolerate intravenous injections of large numbers of 
cells at one time. On day 1 recipients (group D) received 
a combination of 3 X 10” (experiment I) or 6 x lOa (in 
two injections, 2 hr apart, experiment II) bone marrow 
and spleen cells intravenously which were obtained from 
adult, syngeneic, untreated donors as described below. 
Twenty-four hours later (day 2), recipients also received 
2 X 10” syngeneic spleen cells (experiment I) or 7 X lo8 
spleen cells and bone marrow cells (in two injections, 2 
hr apart, experiment II) intravenously (Fig. 1). All groups 
except the irradiated control (group B) received daily 
injections of 50 mg/kg of guanethidine sulfate intraperi- 
toneally for 8 days. All animals were given solutions of 

RECONSTITUTION EXPERIMENTS 

Killed day 9 or IO for 
histology and TOH assay 

Figure 1. Schematic of immune reconstitution experiments. 
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5% glucose rather than drinking water to encourage fluid 
consumption and to counteract the weight loss and de- 
hydration resulting from the toxic effects of high dose 
irradiation on the gastrointestinal tract. Animals were 
killed on day 9 or 10, and the SCGs were quickly dissected 
for assay of TOH activity and for histological evaluation. 

Identification of cellular infiltrate. To determine the 
nature of the small cell infiltrate, 7-day-old Sprague- 
Dawley rats (Chappel Breeders, St. Louis, MO) were 
treated with 50 mg/kg of guanethidine sulfate subcuta- 
neously for 5 days and were killed 2 days following the 
last injection for ultrastructural or immunohistochemical 
evaluation (see below). 

Cell preparation 

Spleen cells and bone marrow cells were prepared 
according to standard methods (Ford, 1978). Briefly, 
spleens were excised from normal adult Lewis rats, placed 
in Roswell Park Memorial Institute (RPMI) 1640 me- 
dium (KC Biologicals, Kansas City, MO), pH 7.2, con- 
taining 20 mM HEPES and 10% newborn bovine serum, 
and minced finely with scissors. Tissue fragments were 
allowed to settle. Spleen cells were then harvested from 
the supernatant fraction and from two successive washes 
of the tissue pellet, filtered through gauze, and centri- 
fuged at 500 x g for 15 min at 4°C. Cells were washed 
twice with medium, resuspended in a known volume, and 
counted using a hemocytometer. Viability was assessed 
using trypan blue exclusion. Bone marrow cells were 
obtained from the femurs of the same rats, filtered 
through gauze, washed twice in medium, and counted as 
described for spleen cells. Spleen and bone marrow cells 
were then combined, centrifuged, and resuspended in a 
known volume of medium such that each recipient re- 
ceived the appropriate number of cells in a volume of 0.5 
ml. 

a peroxidase-labeled secondary antibody (anti-rabbit- 
IgG). Tissues were quickly excised, frozen, and mounted. 
Due to the small size of the SCG, it was placed between 
two pieces of skeletal muscle for support and then frozen 
immediately. This allowed more reproducible sectioning. 
Cryostat sections, 10 pM, were cut, air dried on glass 
slides, and fixed in cold 100% ethanol for 5 min. Tissue 
sections were pre-incubated for 30 min each in methanol 
followed by 0.03% hydrogen peroxide to reduce endoge- 
nous peroxidase activity and in a 5% solution of normal 
goat serum to reduce nonspecific binding. Sections were 
then incubated overnight at 4’C with a 1:50 dilution of 
either normal rabbit serum (NRS) or rabbit anti-rat T 
cell serum (ATS) in phosphate-buffered saline (PBS) 
containing 5% normal goat serum. Anti-rat T cell serum 
was prepared essentially as described by Ishii et al. 
(1975). Briefly, 1 x lo7 T lymphocytes, obtained from rat 
mesenteric lymph nodes and enriched on nylon wool 
(Julius et al., 1973), were injected intravenously into a 
rabbit, which was subsequently boosted at monthly in- 
tervals with 2 X lo7 T cells, subcutaneously. Both the 
NRS and ATS were extensively adsorbed with rat liver 
and skeletal muscle to eliminate nonspecific binding to 
rat tissue and to enhance specificity of the antiserum for 
rat T lymphocytes (Kaplan, 1958). After washing three 
times each for 15 min in PBS, tissues were then incubated 
with peroxidase-conjugated goat anti-rabbit IgG (Cappel 
Laboratories, Cochranville, PA) overnight at 4°C (1:200 
dilution in PBS containing 5% normal goat serum). Tis- 
sues were stained using diaminobenzidine (DAB) as de- 
scribed by Adams (1981). The slides were washed in PBS, 
dehydrated through a series of graded ethanol solutions, 
and permanently mounted. 

Tyrosine hydroxylase activity 

Superior cervical ganglia were homogenized at 0 to 
4°C in 5 mM Tris buffer, pH 7.4, containing 0.2% Triton 
X-100, at a dilution that assured that the reaction was 
linear with enzyme concentration and time. Tyrosine 
hydroxylase (EC 1.14.16.2) activity was measured by a 
modification of the method of Nagatsu et al. (1964) in 
the presence of 40 ,uM tyrosine (0.1 PCi L-[&de chain- 
2,3-“Hltyrosine; Amersham, Arlington Heights, IL) and 
825 PM 6-methyl-5,6,7&tetrahydropterine dihydrochlo- 
ride. The [3H]DOPA formed was adsorbed onto alumina 
at pH 8.2 to 8.4, eluted with 2 ml of 0.1 N HCl, and 
assayed for radioactivity. 

Superior cervical ganglia were dissected quickly and 
fixed by immersion in 3% glutaraldehyde in 100 mrvr 
phosphate buffer, pH 7.3, containing 0.45 mM Ca++. Sub- 
sequently, tissues were postfixed in buffered Os04, de- 
hydrated in graded alcohols, and embedded in Epon/ 
Araldite or Spurr’s medium. Semithick sections were 
examined by light microscopy after staining with tolui- 
dine blue. Thin sections were stained with uranyl acetate 
and lead citrate and were examined with a Philips 200 
electron microscope. 

Histological analysis 

SCGs were quickly dissected and fixed by immersion 
in 10% formalin/saline. Following dehydration of fixed 
tissue in graded ethanol solutions, the tissue was em- 
bedded in paraffin, cut in 7-pm sections, rehydrated, and 
stained with toluidine blue. 

Immunohistochemistry 
Surface antigens of rat T lymphocytes were identified 

by indirect immunohistochemical methods using a rabbit 
anti-rat T lymphocyte primary antibody (see below) and 

To determine the dose of irradiation necessary to 
protect against guanethidine-induced neuronal cell 
death, 3-week-old Lewis rats were treated with either 
600, 750, or 900 rads of y-irradiation 6 hr prior to the 
initiation of guanethidine treatment. Rats then received 
50 mg/kg of guanethidine sulfate for 5 days and were 
killed 2 days later and evaluated for neuronal destruction 
as described under “Materials and Methods.” As had 
been previously seen in younger, outbred Sprague-Daw- 
ley rats (Manning et al., 1982), irradiation protected 
against guanethidine-induced decreases in TOH activity 
and against histological changes in a dose-dependent 
manner (Table I). Guanethidine treatment alone (no 
irradiation) caused a 55% decrease in TOH activity as 
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Ultrastructural methods 

Results 

Adoptive transfer experiments 
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TABLE I 
Effects of various amounts of y-irradiation on guanethidine-induced 

reduction in tyrosine hydroxylase (TOH) activity in sympathetic 
neurons 

Treatment” 

Tyrosine Hydroxylase 
Activity 

(nmoles Tyrosine 
Oxidized/SCG/hr) 

% Control 
(TOH 

Activity)h 

Control 3.64 + 0.29 (5)’ 
Guanethidine 1.62 f 0.08 (5)” 45 

600 rads 4.44 LIZ 0.31 (5) 
600 rads + guanethidine 2.67 I!Z 0.20 (5)” 60 

750 rads 3.88 f 0.27 (7) 
750 rads + guanethidine 2.39 * 0.11 (7)” 62 

900 rads’ 3.96 -c 0.20 (7) 
900 rads + nuanethidine 3.49 f 0.41 (4) 89 

o Six hours prior to the initiation of guanethidine treatment, 3-week- 
old Lewis rats were treated once with 600, 750, or 900 rads of y- 
irradiation. Rats received 50 mg/kg of guanethidine sulfate for 5 days 
and were killed 2 days later, and the superior cervical ganglia were 
dissected for assay of TOH activity and for histological evaluation. The 
control group for the guanethidine alone group (no irradiation) was 
untreated. There were also control groups which received the indicated 
amount of radiation, but no guanethidine. 

’ Percentage of appropriate non-guanethidine-treated control. 
’ Numbers represent the mean + SEM for (n) animals. 
O’ Differs from respective control at p < 0.001 level of significance by 

the Student’s t test for independent groups. 
’ In the groups which received 900 rads and 900 rads + guanethidine, 

22% and 60% mortality occurred, respectively. No deaths occurred in 
any other group. 

compared to untreated control values. Histologically, 
ganglia from animals treated with guanethidine alone 
exhibited areas of marked cell infiltration and evidence 
of neuronal damage including the presence of many 
neurons with pale-staining cytoplasm resulting in the 
apparent death of neurons as evidenced by a decrease in 
cell density (cell counts not done; see Fig. 2A). The 
decrease in TOH activity and the degenerative histolog- 
ical changes resulting from guanethidine treatment alone 
were less dramatic than that which occurs following the 
same treatment of a l-week-old rat (85 to 90% decrease; 
Manning et al., 1982). Treatment with 600 and 750 rads 
of y-irradiation and guanethidine provided partial pro- 
tection against guanethidine-induced reduction in TOH 
activity. TOH activity was reduced only by approxi- 
mately 40% following treatment with either 600 or 750 
rads of irradiation + guanethidine as compared to the 
appropriate irradiated control group. In addition, histo- 
logical changes were less dramatic, although still readily 
apparent (photomicrographs not shown). Essentially 
complete protection was afforded by doses of 900 rads of 
irradiation. TOH activity was not reduced significantly 
compared to control (p > 0.25) and ganglia appeared 
virtually normal by light microscopy (photomicrographs 
not shown). However, significant mortality occurred in 
the groups that received either 900 rads of irradiation 
alone or 900 rads and guanethidine treatment (22% and 
60%, respectively). The dose of irradiation was, therefore, 
reduced to 850 rads in the reconstitution experiments. 

The degree of mortality was less with no apparent loss in 
protection measured by TOH activity (Table III). 

Adoptive transfer experiments were done to demon- 
strate that guanethidine-induced destruction occurs by 
an immunologically mediated mechanism. In two sepa- 
rate experiments, normal, syngeneic spleen and bone 
marrow (immune competent) cells were transferred in- 
travenously to lethally irradiated recipients on 2 consec- 
utive days (see Fig. 1 and Table II for details). The 
capacity of these recipients to regain sensitivity to gua- 
nethidine-induced neuronal destruction following a series 
of eight daily injections (50 mg/kg/day) was assessed 
both morphologically and biochemically. Four groups of 
animals were included in these experiments: group A- 
guanethidine only, not irradiated; group B-irradiated 
only; group C-irradiated + guanethidine; and group D- 
irradiated + spleen and bone marrow cells + guanethi- 
dine. In both experiments, ganglia from animals which 
were irradiated only or which were irradiated and also 
received guanethidine (groups B and C, respectively) 
were normal (Table II and Fig. 2, B and C), whereas 
ganglia from all rats which received guanethidine alone 
(no irradiation; group A) showed the usual marked small 
cell infiltration, presence of ghost-like neurons, and neu- 
ronal destruction (Fig. 2A). Animals in group D (irradi- 
ated, guanethidine-treated, and reconstituted with im- 
mune competent cells), in contrast to group C (received 
the same drug treatment but did not receive cells), 
showed clear small cell infiltration of the ganglia and 
neuronal destruction (Fig. 2, D to F). In addition, there 
was a significant reduction in TOH activity in the SCGs 
of animals which were irradiated, received immune com- 
petent cells, and were treated with guanethidine (group 
D) compared to animals which were irradiated and were 
treated with guanethidine but did not receive cells (group 
C; Table III). There was no significant difference in TOH 
activity between the irradiated control group (group B) 
and group C, which was irradiated and treated with 
guanethidine, again demonstrating complete protection 
by irradiation. TOH activity in the ganglia of animals 
which received guanethidine only (group A) was also 
significantly reduced compared to control. The magni- 
tude of this decline and the histological changes observed 
(Table III and Fig. 2) were, however, greater in the intact 
than in the immune-reconstituted animals. In addition, 
attempts to restore sensitivity to guanethidine in lethally 
irradiated recipients using serum from guanethidine- 
treated rats were unsuccessful (data not shown). These 
results demonstrate that following guanethidine treat- 
ment, the small cell infiltration, neuronal destruction, 
and reduction in TOH activity in sympathetic ganglia 
occur due to an immunologically mediated phenomenon 
and that the mechanism seems to be cellular rather than 
humoral. 

Identification of small cell infiltrate 

To further characterize the role of the immune system 
in guanethidine-induced neuronal destruction, the cellu- 
lar infiltrate within the ganglia following guanethidine 
treatment was identified using immunohistochemical and 
ultrastructural methods. 

Immunohistochemistry. Tissue specificity of the rabbit 
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Figure 2. Histological changes in the SCG following immune reconstitution A, Not irradiated + guanethidine. B, Irradiated 
control. C, Irradiated + guanethidine. D to F, irradiated + spleen and bone marrow cells + guanethidine, obtained from three 
different animals. Magnification x 63. 

anti-rat thymocyte serum for rat T cells was assessed by 
staining sections of various tissues (perfused with saline 
to remove blood and, thus, lymphoid cells), including rat 
liver, skeletal muscle, thymus, spleen, and kidney. With 
the exception of the two lymphoid organs, spleen and 
thymus, no specific staining, visualized using a peroxi- 
dase-labeled secondary antibody, occurred with either 
NRS or ATS. In contrast, the membranes of the majority 
of cells in the thymus stained with ATS but not with 
NRS (photomicrographs not shown). The pattern of 
staining of the thymus was consistent with that previ- 
ously reported (Uede et al., 1981; Bukovsky et al., 1982). 
In the spleen, the areas around the central arterioles, in 
which T lymphocytes are predominantly localized, 
stained heavily with ATS. T cells were identified by dark 

rings surrounding the cell membranes. Tissue surround- 
ing the periarteriolar sheath, where B cells are localized, 
did stain with ATS (Fig. 3B). Background staining with 
NRS is shown in Figure 3A. 

The light microscopic appearance of both normal and 
guanethidine-treated ganglia is shown in Figure 3, G and 
H, respectively. Ganglia from control rats examined by 
light microscopy did not contain any observable small 
cell infiltrate but, rather, consisted of densely packed 
neurons and associated supporting cells. There was no 
specific staining with ATS in control ganglia (photomi- 
crograph not shown). In contrast, there was marked small 
cell infiltration and a virtual absence of viable neurons in 
the ganglia from guanethidine-treated rats (Fig. 3H). 
Numerous cells which stained with ATS were scattered 
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TABLE II 
Dependence of guanethidine-induced destruction of sympathetic 

neurons on immune reconstitution 

Effect” 
(No. Affected/ 

Treatment” 
Total No.) 

Experi- Experi- 
ment I’ merit II 

A. Not irradiated + guanethidine 
B. Irradiated control 
C. Irradiated + guanethidine 
D. Irradiated + spleen and bone marrow 

cells + guanethidine 

5/5 5/5 
O/8 O/5 
o/g O/6 

10/H 4/4 

a Three-week-old male Lewis rats (groups B, C, and D) were treated 
with 850 rads of y-irradiation using a Gamma-Cell 40 immediately prior 
to initial reconstitution. Initially (day l), recipients (group D) received 
a combination of 3.1 x 10’ (experiment I) or 6 X 10” (experiment II) 
bone marrow and spleen cells, intravenously, obtained from adult, 
syngeneic, naive donors. Twenty-four hours later (day 2), recipients 
also received 2 X 10H syngeneic spleen cells (experiment I) or 7 X 10” 
spleen cells and bone marrow cells (experiment II). All groups except 
the control group (B) received daily injections of 50 mg/kg of guaneth- 
idine sulfate for 8 days. Animals were killed on day 9 or 10, and the 
superior cervical ganglia were quickly removed for assay of tyrosine 
hydroxylase activity and for histological evaluation. 

” Presence of obvious small cell infiltration and neuronal destruction. 
’ Scored blindly by a neuropathologist. 

A. 
B. 
C. 
D. 

TABLE III 
Effect of immune reconstitution on guanethidine-induced reduction 

of tyrosine hydroxylase activity in sympathetic neurons 

5% Control 
Treatment” Tyrosine 

Hydroxylase 
Activity 

Not irradiated + guanethidine 
Irradiated control 
Irradiated + guanethidine 
Irradiated + spleen and bone marrow 

cells + guanethidine 

45.5% + 4.9”. i, p (9) 
100% zlz 3.9 (12) 

88.9% + 4.5 (14) 
74.8% + 3.2’,“,’ (15) 

n Rats were treated as described in the previous table. On day 9 or 
10, the superior cervical ganglia were quickly dissected for assay of 
tyrosine hydroxylase activity. 

‘Numbers represent the pooled data for experiments I and II and 
are expressed as a percentage of the irradiated control. Numbers in 
parentheses are the number of animals per treatment. 

’ Differs from group B (irradiated control) at p c 0.01 level of 
significance by the Student’s t test. 

” Differs from group C (irradiated + guanethidine) at p < 0.05 level 
of significance. 

’ Differs from group C (irradiated + guanethidine) at p < 0.01 level 
of significance. 

’ Differs from group A (not irradiated + guanethidine) at p < 0.01. 

throughout the ganglia (Fig. 3, D and F). However, as 
expected, the T cells thus identified do not constitute the 
entire mononuclear infiltrate which is present. Of notice 
is the similarity in the size (-7 pm) and staining proper- 
ties of the positive cells in the spleen and in the ganglion 
(Fig. 3, B and F, respectively). Clusters of T cells were 
also localized around blood vessels and the outer edges 
of the ganglia. The presence of T lymphocytes within the 
cellular infiltrate of a ganglion following guanethidine 
treatment further supports a role for a cell-mediated 
immune response in the neuronal destruction induced by 
guanethidine. 

Electron microscopy. Ultrastructural studies were car- 
ried out to complement the immunohistochemical anal- 
ysis and to further characterize the immune response in 
guanethidine-induced neuronal destruction. Several su- 
perior cervical ganglia from guanethidine-treated neo- 
natal rats, sacrificed at 2 weeks of age after 5 days of 
guanethidine treatment (beginning at 1 week of age), and 
from age-matched controls were examined. Neuronal 
destruction was extensive in guanethidine-treated gan- 
glia (Fig. 4B) compared to age-matched controls (Fig. 
4A) which contained a normal complement of neurons. 
Although relatively few neurons remained intact in 
treated ganglia, residual Schwann cells and axons were 
present (Fig. 4B). The cellular infiltrate consisted of a 
number of different cell types including macrophages 
(M; large mononuclear phagocytic cells containing nu- 
merous intracytoplasmic vacuoles which contain osmio- 
philic and other cellular debris), a few polymorphonu- 
clear leukocytes, and mononuclear cells (arrows) having 
characteristics typical of small lymphocytes (small cells 
consisting largely of nucleus with little surrounding cy- 
toplasm). There was considerable variability in the inten- 
sity of the inflammatory cell infiltrate. A portion of the 
inflammatory cell infiltrate in a severely involved gan- 
glion is shown (Fig. 5A) surrounding an intraganglionic 
capillary. Many of the infiltrating cells are small lympho- 
cytes (L). Larger cells (arrows) contain large, somewhat 
irregular or indented nuclei, with a dispersed chromatin 
pattern and large amounts of dense cytoplasm, suggestive 
of activated lymphocytes. A single mononuclear cell (M), 
can be seen interdigitating between two endothelial cells. 
A few cells (Fig. 5B, arrow) show increased amounts of 
dilated rough endoplasmic reticulum, which is character- 
istic of differentiation along plasma cell lines. Well de- 
veloped plasma cells (antibody-secreting cells), however, 
were not prominent at this time. 

Discussion 

Guanethidine has been shown to accumulate to very 
high concentrations (0.5 to 1.0 mM) in sympathetic neu- 
rons (Juul and Sand, 1973; Johnson and Hunter, 1979). 
Our general hypothesis of the mechanism of guanethi- 
dine-induced destruction is that guanethidine perturbs 
the cell in such a way that a moiety, presumably a protein 
or glycoprotein, which is not normally present on the 
surface of the plasma membrane is exposed. This mole- 
cule would presumably be recognized as foreign (anti- 
genie) by the animal’s immune system. Alternatively, 
guanethidine could itself bind, either covalently or non- 
covalently, to a neuronal membrane protein as a hapten 
to form an antigen. NGF may provide protection against 
guanethidine-induced cell death by one of three possible 
mechanisms. It may (1) prevent expression or ‘recogni- 
tion of the guanethidine-induced antigen; (2) produce 
immunosuppression of the animal, thus blocking prolif- 
eration of the immune response; or (3) block the killing 
mechanism or effector function even in the presence of 
antigen and activation of immune competent cells. 

In support of this hypothesis, we have previously 
shown that various immunosuppressive agents protect 
against guanethidine-induced neuronal destruction in 
both a time-and dose-dependent fashion. This protection 
was not found to be due to a lack of accumulation of 



Figure 3. Identification of rat T cells by immunohistochemical staining. A, Spleen stained with NRS, x 250. B, Spleen stained 
with ATS, x 250. Note the localization of densely packed lymphocytes around the central arteriole which can be identified by 
dark rings surrounding the cell membranes. C, Ganglion from guanethidine-treated rat stained with NRS, x 100. D, Ganglion 
from guanethidine-treated rat stained with ATS, X 100. Note T lymphocytes scattered throughout ganglion. E, Ganglion from 
guanethidine-treated rat stained with NRS, X 250. F, Ganglion from guanethidine-treated rat stained with ATS, X 250. G, Control 
ganglion, toluidine blue, x 100. H, Ganglion from guanethidine-treated rat, toluidine blue, X 100. 
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Figure 4. Effect of guanethidine on the ultrastructure of neonatal rat superior cervical ganglion. Superior cervical ganglia were 
examined in 14-day-old rat pups 7 days after daily administration of guanethidine as described under “Materials and Methods.” 
A, Untreated neonatal superior cervical ganglion containing a complement of normal neurons (X 4700). B, Guanethidine-treated 
neonatal ganglion demonstrating widespread neuron loss, debris-laden macrophages (M), and numerous infiltrating mononuclear 
cells (arrows) (X 3500). 

guanethidine within the sympathetic neuron (Manning lymphocytes, responsible largely for cell-mediated im- 
et al., 1982). In addition, we report here that the cellular mune responses, were identified immunohistochemically 
infiltrate within the ganglia of guanethidine-treated rats within ganglia from treated animals. The presence of 
consists of small lymphocytes as well as larger cells, plasmacytoid cells suggests the possibility of participa- 
which we interpreted to be activated lymphocytes. T tion of secreted immunoglobulins as well as a cell-me- 
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Figure 5. Ultrastructural characterization of the inflammatory infiltrate in guanethidine-treated neonatal rat superior cervical 
ganglion. The inflammatory cell infiltrate of guanethidine-treated ganglia presented in Figure 4 were examined at higher 
magnification. A, A pericapillary mononuclear cell infiltrate consists of several small lymphocytes (L) as well as larger cells 
(arrozus) with irregular, indented nuclei, a more delicate chromatin pattern, and increased amounts of dense cytoplasm, probably 
representing activated lymphocytes. A mononuclear cell (M), probably a monocyte, is located between two endothelial cells. A 
mitotic figure is seen at the lower margin of the micrograph (X 4100). B, A group of inflammatory cells within the ganglionic 
interstitium consists of small lymphocytes as well as a plasmacytoid cell (arrow) containing large amounts of dilated endoplasmic 
reticulum (X 5100). 
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diated mechanism in the immune response. The fact that 
guanethidine, in concentrations up to approximately 100 
PM, does not cause any observable changes in vitro of 
either explants of sympathetic neurons (Ertinkij et al., 
1972) or cultures of dissociated sympathetic neurons (P. 
T. Manning and E. M. Johnson, unpublished data) fur- 
ther supports the role of an immune-mediated mecha- 
nism (immune competent cells are not present) and 
argues against a direct cytotoxic effect of guanethidine. 
This concentration of guanethidine has been calculated 
to be well in excess of that to which the sympathetic 
neuron would be exposed in vivo (Schanker and Morri- 
son, 1965). Indeed, only concentrations of guanethidine 
at or above 200 PM have been shown to produce axon 
retraction in vitro (Hill et al., 1973). 

The immune reconstitution experiments demonstrate 
that the small cell infiltration and neuronal destruction 
due to guanethidine treatment require immune compe- 
tency. Animals that were lethally irradiated could no 
longer mount an immune response after guanethidine 
treatment but regained sensitivity to guanethidine fol- 
lowing transfer of immune competent cells. However, the 
magnitude of the decline in TOH activity as well as the 
severity of the histological changes, particularly the de- 
gree of small cell infiltration, were greater in intact than 
in immune reconstituted animals following guanethidine 
treatment. Although the number of cells transferred in 
experiment II was increased by 2.6-fold, the reduction in 
TOH activity and the severity of degenerative changes 
were comparable to those in experiment I. One plausible 
explanation for the lack of a dose response relationship 
may involve the Ia+ presenting cell of the recipient. Cells 
of macrophage lineage bearing Ia surface markers appear 
to be crucial in the regulation of T cell-mediated reac- 
tions. These cells somehow present antigens to the T 
lymphocyte and initiate the immune induction process 
(Schwartz et al., 1978; Unanue, 1978). Iaf cells are radi- 
osensitive (Beller and Unanue, 1981), and thus the num- 
ber of antigen-presenting cells in the lethally irradiated 
recipients is probably significantly reduced. Bone marrow 
cells contain the precursors to Ia’ antigen-presenting 
cells. However, even when transferring bone marrow 
cells, the number of cells which bear the Ia+ surface 
marker has been shown not to be restored to normal 
levels in the irradiated recipient (Scher et al., 1982). 
Thus, the.magnitude of the response following guaneth- 
idine treatment which is dependent upon presentation of 
the antigen to T lymphocytes may be diminished as 
compared to that which occurs in the intact animal. The 
precise immune mechanism responsible for the neuronal 
destruction remains to be elucidated; it may involve 
delayed-type hypersensitivity, cytotoxic T cells, anti- 
body-dependent cell-mediated cytotoxicity, or any com- 
bination of the above. 

Guanethidine-induced neuronal destruction which in- 
volves a drug-induced, apparently cell-mediated, autoim- 
mune attack on the sympathetic neuron is perhaps a 
unique phenomenon. To our knowledge, the only other 
phenomenon which has been described in the literature 
that is similar is low dose streptozotocin-induced diabetes 
In this model, the /3 cell of the pancreas is destroyed by 
a cell-mediated immune response resulting in insulitis 

and pronounced hyperglycemia (Like and Rossini, 1976; 
Rossini et al., 1977). A striking species specificity exists 
for both the streptozotocin (SZ) and guanethidine 
models. Only the rat is sensitive to the effects of gua- 
nethidine (Erankii and Er;inkij, 1971; O’Donnell and 
Saar, 1974; Johnson et al., 1977), certain strains exhibit- 
ing a greater sensitivity than others (P. T. Manning and 
E. M. Johnson, unpublished data). Similarly, only the 
outbred CD-l and the inbred C57BL/KsJ mice respond 
with both insulitis and hyperglycemia following low dose 
SZ treatment (Leiter, 1982). As an experimental model 
of autoimmune diseases, guanethidine-induced neuronal 
destruction offers several distinct advantages over SZ- 
induced destruction of the p cell. The guanethidine- 
treated animal is not debilitated nor is its survival re- 
duced. In addition, SZ is itself capable of destroying the 
/? cell by a direct toxic effect (Rakieten et al., 1963). In a 
variety of species guanethidine does not seem capable of 
destroying neurons in vivo by a direct toxic mechanism. 
Therefore, the role of toxicity versus immune-mediated 
destruction is not as clearly defined in SZ-induced dia- 
betes as it is with guanethidine-induced neuronal de- 
struction. SZ-induced diabetes is not known to be modi- 
fied by hormone-like substances which act on the /3 cell. 
In contrast and of considerable interest is the fact that 
nerve growth factor (which is necessary for survival and 
maintenance of sympathetic neurons both in vivo and in 
vitro) prevents guanethidine-induced neuronal cell death 
(Johnson and Aloe, 1974). The mechanism by which 
NGF prevents this response (possibly by preventing the 
expression of the guanethidine-induced antigen, blocking 
proliferation on the immune response, or blocking effec- 
tor function) may provide insight into how NGF exerts 
its trophic effects. 
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