
sections were prepared from OCT-embedded 
brain tissue, mounted on microscope slides, 
fixed in 4 percent paraformaldehyde, and stored 
in 70 percent ethanol at 4'C until hybridized. 
Slide p'reparations were then acetylated, treated 
with 0.1M tris-HC1 (pH 7.0) and 0.1M glycine, 
and hybridized with lo6 countlmin of 35S-labeled 
RNA transcribed from pBHlO-R3 r8.9-kb-long 
Sst I-Sst I viral insert from HTLV-I11 clone 
XBH-10 (9) subcloned into pSP641. Hybridiza- 
tion was performed in 50 percent formamide, 
2x  SSC. and 10 mM DTT for 3 hours at 50°C. 
Slides were rinsed in 50 percent formamide, 
2x SSC at 52"C, treated with ribonucleases A 
and T I  for 30 minutes, and dehydrated in etha- 
nol. Preparations were autoradiographed w ~ t h  
Eastman NTB2 emulsion, exposed at 4°C for 2 
days, developed in Dektol developer, and 
stained with Wright stain. For these in situ 
hybridization studles, sections were not subject- 
ed to DNA strand separation (denaturation), 

thereby ensuring that hybridization of the 
HTLV-111 probe was to viral RNA and not 
nN A 
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Targeted Modulation of Acute Inflammation 

Abstract. Localized inflammation of the lungs was induced with the neutrophil 
chemoattractant, N-formylmethionylleucylphenylalanine (FMLP) in combination 
with magnetically responsive albumin microspheres, a drug carrier that provides 
eficient,  extremely rapid localization in tissue. Intravenous targeting to rat lungs 
was accomplished by means of an external thoracic magnet. This causedprogressive 
local accumulation of neutrophils, extravascular cell migration, and acute tissue 
injury. MicroscopicJindings favored chemotaxis as  the principal mechanism of cell 
accumulation. This system provides a new experimental model for acute alveolar 
damage, a rapid in vivo assay for drugs that modulate neutrophil chemotaxis, and a 
new therapeutic approach to focusing injammation in patients with chemotactic 
defects. 

Targeted modulation of acute inflam- 
mation requires the combination of a 
potent neutrophil attractant and a drug 
carrier that provides efficient intravas- 
cular targeting, rapid carrier transport 
across vascular endothelium, and con- 
trolled drug release within tissues. The 
neutrophil chemotactic peptide, N-for- 
mylmethionylleucylphenylalanine (FMLP) 
is an ideal local biomodulator because of 
its high affinity of binding to specific 
neutrophil receptors and its chemical 

stability (1, 2). However, it is also ex- 
tremely toxic or lethal when adminis- 
tered in a freely circulating form. This 
limits the choice of carriers to ones that 
encapsulate the biomodulator (prevent- 
ing intravascular availability) and be- 
come localized within several minutes of 
injection. The only carrier that has both 
of these properties is the magnetically 
responsive albumin microsphere (3). 
Such spheres localize up to 80 percent of 
entrapped drug in target tissues when 

Table 1. Neutrophil accumulation in rat target tissues after intravenous injection of saline or 
microspheres. 

Treatment 

Spleen 
Saline 
Placebo spheres (20 mgikg) 
FMLP spheres (spheres, 20 mglkg; FMLP, 47.6 pglkg) 

Lung 
Saline 
Placebo spheres (6.6 mglkf) 
FMLP spheres (spheres, 6.6 mglkg; FMLP, 15.7 pglkg) 

Minutes Mag- 
after net 

injection 

Neutrophils 
per x50 

field* 

*x50 fields are 800 x 500 Fm in area and 5 Fm thick; n = 5. Data are reported as mean * 1 standard 
deviation, tGroups do not differ at P = 0.05 (Newman-Keuls multiple comparison test). $Each group 
differs significantly from all others of the respective target tissue at P < 0.001 (Newman-Keuls multiple 
comparison test). 

captured with an 8000-gauss magnetic 
field (3, 4). 

FMLP spheres were prepared by 
emulsifying an aqueous mixture of the 
chemoattractant, human serum albumin, 
and fluidic magnetite (Fe304) in cotton- 
seed oil; sonicating to produce particles 
smaller than 1 km; and heating at 135°C 
to obtain controlled FMLP release (5, 6). 
The efficiency of peptide entrapment 
was 11 percent, and the resulting FMLP 
and magnetite contents were 0.65 and 20 
percent (by weight), respectively. The 
preparation had a mean particle diameter 
of 612 nm and a shelf life of more than 1 
year. The half-time for release in vitro of 
[ 3 ~ 1 ~ ~ ~ ~  was 20 minutes (6, 7). This 
was optimal for triggering acute tissue 
changes. All of the FMLP released be- 
tween 0 and 24 hours was biologically 
active, as evaluated by neutrophil chemi- 
luminescence assays (8, 9). 

An initial bioassay was performed in 
vivo, without magnetic targeting, by in- 
jecting FMLP spheres (20 mglkg) intra- 
venously into Sprague-Dawley rats. 
Spheres localized spontaneously in the 
spleens, and targeting was maximal iso- 
topically in 5 minutes. This was followed 
by a progressive local accumulation of 
neutrophils (Table 1). On the basis of 
these results, a targeted bioassay was 
designed to test if a lower dose of FMLP 
spheres (6.6 mglkg) could be magnetical- 
ly localized to produce inflammation in a 
nonreticuloendothelial organ, namely, 
lung. The dose was selected to produce 
lung concentrations of total (entrapped 
plus free) FMLP in the range of 
2.9 x 1 O U 6 ~  [which induced a 75 per- 
cent maximal chemiluminescence re- 
sponse in vitro (9)] and concomitantly to 
maintain plasma concentrations of free 
FMLP at levels of 1.9 x 10-'M (which 
induced <10 percent of maximal chemi- 
luminescence). Spheres were injected in- 
travenously and captured in the right 
lung with a 5500-gauss gradient (300 
gauss per 0.1 cm) magnetic field oriented 
perpendicular to the right lateral thorax. 
Lungs were removed 0 to 70 minutes 
later, and histologic sections were 
stained by a newly devised method that 
allows both neutrophil esterase (10) and 
microsphere magnetite iron (11) to be 
visualized in the same tissue section. 

Localization of [3H]FMLP spheres oc- 
curred during the first circulatory pass 
and was maximal in the outer 0.5 cm of 
lung (12). The concentration of total 
FMLP in target tissue reached maximal 
levels within 5 minutes at 2.9 x ~ o - ~ M  
and remained unchanged over the next 
70 minutes. By 70 minutes, 71 percent of 
this FMLP was estimated (from in vitro 
kinetics) to be released as free tissue 
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drug. Total plasma FMLP peaked within 
2 minutes at 13 x I O - ~ M  and fell rapidly 
to 6.2 x ~ o - ~ M  at 5 minutes. Free plas- 
ma FMLP remained below 1.9 x ~ o - ~ M  
at all times. At 5 minutes after injection, 
when sphere localization was maximal 
and neutrophil localization had not yet 
begun, the white cell fraction of blood 
(13) contained no detectable FMLP (lim- 
it, 9.8 x 10-"M). This indicated that 
FMLP spheres did not adhere to circu- 
lating neutrophils. By electron micro- 
scopic analysis, 93 and 99 percent of the 
targeted spheres were kxtravascular 
within 5 minutes (Fig. 1E) and 20 min- 
utes (Fig. 1, A and F), respectively, and 
none of the remaining spheres were ad- 
herent to neutrophils. After 20 minutes, 
significant quantities of sphere material 
had broken free into the small air spaces 
(Fig. IF), and by 40 minutes much of this 
was phagocytized by alveolar macro- 
phages (Fig. 1G). Small fragments of 
spheres remained within the tissue at 70 
minutes for local chemoattraction of 
neutrophils (Fig. 1H). 

In rats receiving FMLP spheres, neu- 
trophils accumulated selectively and 
progressively in the magnetically ex- 
posed fields, beginning shortly after the 
completion of sphere targeting (Table 1 
and Fig. 1A). Initially, the cells localized 
within small vessels next to interstitial 
spheres (Fig. IF). These neutrophils 
were elongated and smooth, contained 
no detectable sphere material, and did 
not invade the endothelium. However, 
by 70 minutes the neutrophils that accu- 
mulated in large numbers in similar loca- 
tions (Fig. 1B) were enlarged and had 
prominent cytoplasmic processes that 
extended directly into the tissue around 
spheres (Fig. 1H). This is strongly sug- 
gestive of extravascular chemotaxis. 
Fragments of spheres were newly pres- 
ent within these late cells (Fig. lH), and 
they had also undergone marked degran- 
ulation (Fig. 1B). Acute lung injury de- 
veloped at 70 minutes as indicated by 
electron microscopic changes (Fig. 1H) 
and perivascular edema, which formed 
around capillaries and small arterioles 
(Fig. 1C) in a fashion similar to that 
reported for ischemic pulmonary vascu- 
lar injury (14). The edema comprised 
5.1 + 0.6 percent of lung cross-sectional 
areas in comparison with 1.8 2 0.5 per- 
cent for control rats receiving FMLP 
spheres without magnetic targeting 
(P < 0.001; Student's t-test). Increasing 
the dose of FMLP spheres to 20 mg/kg 
accentuated the edema (14.3 + 2.6 
percent of lung areas compared with 
2.0 + 0.5 percent for controls; 
P < 0.001). Targeted placebo spheres 
(without FMLP) produced no neutrophil 

accumulation (Table 1) or tissue injury 
(Fig. ID), and FMLP spheres injected 
without magnetic targeting produced no 
pulmonary histologic changes. 

These results indicate that FMLP mi- 
crospheres can be magnetically localized 
in a selected tissue site and caused to 
induce graded local neutrophil accumu- 
lation. Morphologic findings suggest that 
the 6.6 mg/kg dose used in this study also 
induced a transition of neutrophil re- 
sponses from chemotaxis to 02 and ly- 

sosomal enzyme release at the site. The 
differential levels of plasma and lung 
FMLP achieved by magnetic targeting 
were in the appropriate ranges for such a 
transition to occur in Sprague-Dawley 
rats (1, 2, 8, 9, 12). Selection of a micro- 
sphere FMLP dose that maintained the 
free plasma concentrations of FMLP at 
liminal levels for chemiluminescence in 
vitro preserved the local migrational and 
phagocytic responses of neutrophils in 
vivo. Smaller doses would be expected 
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to induce primarily chemotaxis and to 
avoid significant cellular activation and 
tissue injury. Intravascular aggregation 
and passive sequestration of neutrophils 
were excluded by (i) the very rapid plas- 
ma clearance of microsphere [ 3 H ] F ~ L P  
compared to the gradual accumulation of 
neutrophils, (ii) different microscopic lo- 
cations of microspheres and neutrophils, 
and (iii) absence of pulmonary neutrophil 
accumulation (and edema) when FMLP 
spheres were injected without magnetic 
targeting. This last observation also indi- 
cates that lung injury should not occur as 
a side effect of targeting to nonpulmo- 
nary sites. The extravascular migration 
of neutrophils toward microsphere frag- 
ments indicates that chemotaxis is the 
principal mechanism of cell accumula- 
tion. Because FMLP can also produce 
smooth muscle contraction (15), vaso- 
spasm might have contributed to the 
initial intravascular phase of cell accu- 
mulation. Magnetic targeting of suffi- 
cient chemotactic peptide provides a 
model for acute alveolar damage (16) 
that minimizes the systemic effects of 
freely circulating initiators, such as co- 
bra venom factor (17) and zymosan-acti- 
vated serum (18). It also provides a rapid 
in vivo test for pharmaceutical agents 
that modulate chemotaxis (19). Potential 
therapeutic applications include restora- 
tion of local neutrophil responses in pa- 
tients with specific inflammatory, infec- 
tious, neoplastic, metabolic, toxicologic, 
thermal (20), and traumatic disease pro- 
cesses (21), in which the generation of 
chemotaxins is blocked, chemotaxins 
are oxidatively degraded (22), or neutro- 
phi1 responses are reversibly sup- 
pressed. In most local infections, suffi- 
cient chemoattractant is present; howev- 
er, in life-threatening infections, such as 
intra-abdominal abscesses with sepsis, 
either receptor-specific (complement- 
based) or nonspecific deactivation of 
chemotaxis can occur (23). In some cas- 
es, the very high local gradients of 
FMLP produced by targeting may suc- 
ceed in refocusing the chemotactic and 
microbicidal activities of the patient's 
neutrophils if they retain a sufficient 
fraction of their normal response to 
FMLP (23). However, more commonly, 
host cells will be almost completely 
unresponsive, and restoration of local 
inflammation may require the concomi- 
tant transfusion of fresh donor granulo- 
cytes. 

DAVID F. RANNEY 
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Therapy, Department of Pathology, 
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Coupling of Action Potential Activity Between 
Unmyelinated Fibers in the Peripheral Nerve of Monkey 

Abstract. Bidirectional coupling of action potential activity occurs between 
unmyelinatedjibers in the normal peripheral nerve of monkey. The site of coupling is 
near the cutaneous nociceptive receptor associated with one of the jibers. This 
coupling could be due to an electrical synapse and could provide the basis for the 
flare associated with the axon reflex. 

Somatosensory nerve fibers have gen- 
erally been assumed to have no chemical 
or electrical synapses with one another 
outside the central nervous system. 
However, cross talk between nerve fi- 
bers, presumably due to electrical cou- 
pling, has been observed in various 
forms of nerve injury (I). This prompted 
us to examine whether similar interac- 
tions between fibers might occur in nor- 
mal peripheral nerves. 

Monkeys (Macaca fasicularis, 3.5 to 
6.5 kg) were anesthetized with an intra- 
venous injection of pentobarbital (3 to 6 
mg kg-' hour-') or by inhalation of a 
mixture of halothane and N20  (0.8 per- 
cent and 67 percent, respectively). The 
animals were paralyzed with pancuron- 
ium to eliminate artifacts caused by mus- 

cle twitching and were mechanically 
ventilated to maintain the end-tidal pres- 
sure of C 0 2  at 32 to 40 torr. Recordings 
from single fibers in the peripheral nerve 
(superficial radial, ulnar, median, and 
sural) were obtained from finely teased 
nerve strands by the use of standard 
techniques (2). The strands were cut 
proximally so that only centripetally di- 
rected action potentials were recorded 
(Fig, la). Tripolar stimulating electrodes 
were placed on the parent nerve proxi- 
mal and distal to the recording site and 
were insulated from surrounding tissue 
with plastic (3). The preparation was 
bathed in mineral oil. Action potentials 
recorded at the recording electrode in 
response to stimulation from the proxi- 
mal electrode indicated coupling of ac- 
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