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Neuronal lesioning with axonally transported toxins
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Abstract

Axonally transported toxins can be used to make selective lesions of the nervous system. Collectively, these techniques are
termed ‘molecular neurosurgery’ because they exploit the surface molecular identity of neurons to selectively destroy specific types
of neurons. Suicide transport, is anatomically selective but not type-selective. The most widely used suicide transport agents are
the toxic lectins (ricin, volkensin) and the immunotoxin, OX7-saporin. The toxic lectins and saporin are ribosome inactivating
proteins that irreversibly inhibit protein synthesis. The toxic lectins have binding subunits but saporin requires a targeting vector
to gain entrance into cells. Immunolesioning uses monoclonal anti-neuronal antibodies to deliver saporin selectively into neurons
that express a particular target surface antigen. Neuropeptide–saporin conjugates selectively destroy neurons expressing the
appropriate peptide receptors. Notable experimental uses of these agents include analysis of the function of the cholinergic basal
forebrain (192-saporin) and pain research (anti-DBH-saporin, substance P-saporin). It is likely that more immunolesioning and
neuropeptide-toxin conjugates will be developed in the near future. © 2000 Published by Elsevier Science B.V.
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Functional neuroanatomy research has long relied on
analysis of the effects of lesions to infer the function of
neural structures. However, conventional lesioning
techniques are relatively crude compared to the com-
plex organization of the nervous system. Since the
fundamental organizational unit of the nervous system,
the neuron, is generally not amenable to direct physical
identification and destruction in vivo, a number of
innovative techniques have been developed to destroy
selected groups of neurons. Excitotoxins have been
widely used to lesion cells while sparing fibers in pas-
sage, but these agents typically destroy various types of
neurons at the injection site (Miettinen et al., 1995;
Figueredo-Cardenas et al., 1998). Monoamine toxins,
such as 6-hydroxydopamine (Kostrzewa and Jacobow-
itz, 1974; Lookingland et al., 1986), 5,6- dihydroxytry-
tophan (Jonsson, 1980; Jarrard et al., 1985), DSP-4
(Lookingland et al., 1986Riekkinen et al., 1992) and
AF-64A (Hanin, 1990; Walsh and Opello, 1994), have

been used to produce selective lesions of neurons based
on the neurotransmitters secreted, but each of these
agents has some limitations with respect to efficiency
and incomplete specificity, either anatomic or cell type,
particularly at doses that destroy the target neurons.

The initial impetus to develop axonally transported
toxins arose from the need to selectively destroy the
neurons that projected through a particular peripheral
nerve branch. By analogy to the fluorescent anatomical
tracing dyes, the first agents tried were low molecular
weight toxins such as the fluorescent anthracycline an-
tibiotic, doxorubicin, which produces retrograde lesions
after peripheral nerve application (Koda and Van Der
Kooy, 1983; Van Der Kooy et al., 1985). However,
doxorubicin can be found in satellite and glial cells
surrounding the perikarya of poisoned neurons suggest-
ing diffusion of the toxin beyond the target population
(Bigotte and Olsson, 1982, 1983; Kondo et al., 1987;
England et al., 1988), and doxorubicin is inefficient
(Cummings et al., 1988). By analogy to the anatomical
tracer, wheat germ agglutinin, the next group of agents
tried were the toxic lectins, ricin and abrin, which are
plant proteins that bind to certain oligosaccharides on
the cell surface (Olsnes and Pihl, 1982; Olsnes and
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Sandvig, 1985). After binding, the toxic lectins undergo
endocytosis followed by intracellular routing that even-
tually delivers some of the toxin to the trans-Golgi and
endoplasmic reticulum where the A subunit can enter
the cytosol (Eiklid et al., 1980). The A subunit is an
enzyme that acts on ribosomes at a specific site to
eliminate binding affinity for elongation factor-2 (Endo
et al., 1987). Ribosomes attacked in this fashion cannot
support protein synthesis. Inactivation of about 10% of
the ribosomes in a cell probably is sufficient to kill the
cell. It is likely that only one molecule of ricin or abrin
free in the cytosol is sufficient to inactivate enough
ribosomes to kill the cell, although it may require 10 000

or more molecules of ricin bound to a cell for one to
get free in the cytosol. Also, binding is rapid and
inhibition of protein synthesis follows in minutes or a
couple of hours, but the cell may continue to function
for some time after protein synthesis has stopped.

When axonally transported toxic lectins or im-
munotoxins that contain ribosome inactivating proteins
are used to make neural lesions, several factors con-
tribute to the lag in development of a lesion including
(Wiley and Lappi, 1994):
1. Extracellular diffusion and binding. Injection of

toxin into a nerve or CNS site is followed by
diffusion of toxin to the neuronal surfaces and
binding to target molecules on the plasma mem-
brane that leads to endocytosis. This process likely
occurs over a few minutes.

2. Axonal transport time. These agents undergo fast
axonal transport that can be blocked by vincristine
or colchicine (Wiley and Lappi, 1994). So, delivery
of toxin to the perikaryon may require several hours
depending on the length of the axon involved.

3. Intracellular processing of toxin. At normal body
temperature, delivery of toxin via the Golgi appara-
tus to the endoplasmic reticulum and escape into the
cytosol probably occurs rapidly.

4. Inhibition of protein synthesis. The time necessary
to inflict a lethal biochemical lesion is somewhat
uncertain, but probably minutes to hours at body
temperature, depending on dose of toxin
internalized.

5. Failure of neuronal function. The inhibition of
protein synthesis does not result in immediate fail-
ure of a neuron to function (action potentials, neu-
rotransmitter secretion). Vagal neurons ceased to
respond to electrical stimulation of the nerve trunk
between 36 and 48 h after toxin injection into the
cervical vagus nerve low in the neck. Although,
protein synthesis was completely inhibited within 18
h (Wiley and Lappi, 1994). Injection of the im-
munotoxin, 192-saporin, into the septum produced
a decline in the amplitude of hippocampal theta
activity beginning on the third day post injection
and reaching a stable plateau by the seventh day
(Lee et al., 1994).

6. Anatomical dissolution. After failure of the neuron
to function as a neuron, disintegration of poisoned
neurons requires several days. From about the fifth
to the tenth day after ricin injection into a periph-
eral nerve, mononuclear infiltrates (microglia,
macrophages) are present among the dying neurons
in sensory ganglia and around motor neurons in the
CNS. During this time, the poisoned neurons ap-
pear progressively more abnormal but staining for
cellular antigens may persist. After two weeks, the
cellular infiltrate and any sign of the poisoned neu-
rons disappear (Wiley and Lappi, 1994). Similar
results have been observed after intraventricular in-
jections of the immunotoxin, 192-saporin (Book et
al., 1995).

Knowledge of the above time sequence of events is
essential to the appropriate use of these toxins.

1. Suicide transport

This term, coined by D.J. Reis, refers to the uptake
and axonal transport of toxin that produces a neural
lesion afferent to the site of toxin injection. In the
peripheral nervous system, the toxic lectins ricin, abrin,
modeccin and volkensin, have been used to ablate
neurons projecting through a particular nerve (Wiley et
al., 1982; Wiley and Stirpe, 1987). This approach has
been used for several experimental purposes in the
peripheral nervous system:
1. To determine the cellular localization of neurotrans-

mitter receptors (Hodes et al., 1983; Helke et al.,
1985, 1986).

2. To study plasticity of sensory pathways (Wall et al.,
1988; Cusick et al., 1990) or motor systems (de la
Cruz et al., 1991, 1994a,b) after loss of a well
defined group of neurons.

3. To assess the role of primary sensory neurons in
autotomy behavior (Wiesenfeld-Hallin et al., 1987;
Blumenkopf and Lipman, 1991).

Interestingly, ricin and abrin are not active suicide
transport agents in the CNS. This is probably due to
obstruction of binding by addition of a penultimate
sialic acid on the oligosaccharides of CNS neuronal
plasma membranes (Wiley et al., 1982). However,
volkensin and modeccin are effective on some CNS
pathways (Harrison et al., 1992aHarrison et al., 1992b).
Examples of suicide transport experiments in the CNS
include:
1. Localization of dopamine receptor subtypes on spe-

cific striatal neurons (Harrison et al., 1990Harrison
et al., 1992aHarrison et al., 1992bBlack and Cross-
man, 1992).

2. Localization of serotonin and opiate receptors on
specific neurons in the cingulate cortex (Crino et al.,
1990Vogt et al., 1995).
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3. Localization of neurotransmitter receptors on corti-
costriatal projection neurons (Pangalos et al.,
1992Chessell et al., 1993a,b, 1995, 1997; Chessell,
1996).

Limitations of this approach include unavoidable,
indiscriminate destruction of many cell types at the
injection site and failure of volkensin to lesion some
pathways such as the striatopallidal projection. How-
ever, the later problem has not been encountered with
the immunotoxin, OX7-saporin. Lastly, there are times
when it would be desirable to lesion only a certain type
of neuron projecting to a particular injection site with-
out producing significant injection site damage. To
address these issues, immunotoxins were developed that
selectively target specific types of neurons.

2. Immunolesioning

This term, coined by D.A. Lappi, refers to the use of
anti-neuronal monoclonal antibodies to selectively
target toxin to neurons expressing the appropriate sur-
face antigen. Immunotoxins have been studied as cell
type-specific killers for a number of years. The original
impetus was to develop therapeutic agents for treat-
ment of cancer or for immunosuppression (Uhr, 1984;
Frankel, 1988). In order to achieve specific targeting,
the monoclonal antibodies must be armed with a ribo-
some inactivating moiety devoid of intrinsic binding
activity. A number of toxin moieties have been used to
construct active immunotoxins with widely different
activities in vivo. The first anti-neuronal immunotoxin
reported was 192 IgG-ricin A chain (DiStefano et al.,
1985). This agent was effective in vitro but not in vivo.

The first anti-neuronal immunotoxin effective in vivo
was OX7-saporin. This agent consists of the MRC
monoclonal antibody, OX7, specific for rat Thy 1 cou-
pled to saporin, a highly active ribosome inactivating
protein from Saponaria officinalis. The target antigen,
rat Thy 1, is expressed by all adult neurons and a subset
of thymically derived lymphocytes (Raff et al., 1979;
Crawford and Barton, 1986). OX7-saporin is an effec-
tive suicide transport agent in rat peripheral and central
nervous system (Wiley et al., 1989). It has been used in
experiments to localize neurotransmitter receptors on
CNS neurons that are not effectively lesioned by
volkensin such as striatopallidal projection neurons
(Roberts et al., 1993) and thalamocortical projection
neurons (Crino et al., 1990Vogt et al., 1995). Similar to
the toxic lectins, OX7-saporin can produce indiscrimi-
nate damage at CNS injection sites (Krum et al., 1997).
Because OX7-saporin is safer to handle and produces
little systemic toxicity, it is an excellent choice for
suicide transport lesioning in the rat. The recent devel-
opment of cholera toxin B subunit-saporin is a promis-
ing alternative (see Llewellyn-Smith et al., this issue).

OX7-saporin targets any and all rat neurons. The
first type-selective anti-neuronal immunotoxin active in
vivo is 192 IgG-saporin. The precise reason for the
difference in efficacy between 192-ricin A chain and
192-saporin has not been determined. Comparison of
OX7-ricin A chain and OX7-saporin has shown com-
parable activities in vitro but OX7-saporin was signifi-
cantly more active in vivo (Thorpe et al., 1985). On the
basis of this observation and our experience with OX7-
saporin as a suicide transport agent, we made 192-sa-
porin which selectively targets neurons that express
p75NTR, the low affinity neurotrophin receptor (Chan-
dler et al., 1984). After systemic injection, 192-saporin
kills postganglionic sympathetic neurons and some dor-
sal root ganglion neurons (Wiley et al., 1991). However,
the reason for developing this toxin was to selectively
kill CNS neurons that express p75NTR. Schweitzer
showed that intraventricular injection of 192 IgG re-
sulted in selective uptake of the antibody into the
cholinergic neurons of the basal forebrain (CBF)
(Schweitzer, 1987, 1989). As expected, intraventricular
injection of 192-saporin selectively destroys neurons of
the rat cholinergic basal forebrain (Wiley et al.,
1991Book et al., 1994). Because 192 IgG is specific for
rat p75NTR, 192-saporin is not active in any other
species. However, a similar immunotoxin, ME 20.4-sa-
porin, which contains a monoclonal antibody to the
human receptor has been shown effective in primates
(Fine et al., 1997; Ridley et al., 1999).

Although the route by which 192-saporin gets to the
CBF has not been rigorously defined, coinjection with
colchicine protects CBF neurons suggesting that fast
axonal transport is required to deliver the toxin to the
target cell bodies (Ohtake et al., 1997). In the forebrain
of healthy, adult Sprague-Dawley rats, the only neu-
rons that express high levels of p75NTR are in the CBF,
but the cholinergic neurons that innervate the amygdala
do not express p75NTR and are spared after 192-saporin
injections (Heckers and Mesulam, 1994). Intraventricu-
lar injections of 192-saporin also destroy some cerebel-
lar Purkinje cells because about half of these cells
express p75NTR. When intraventricular injections of
192-saporin have been used for behavioral experiments,
controls must be included for the cerebellar damage.
One such control is to use intraventricular injection of
OX7-saporin which will destroy cerebellar Purkinje
cells (Davis and Wiley, 1989). More restricted lesions of
the CBF can be made by injecting 192-saporin directly
into the CBF (Torres et al., 1994) or into a terminal
field such as neocortex (Holley et al., 1994; Sachdev et
al., 1998).

The next anti-neuronal immunotoxin developed was
anti-dopamine beta-hydroxylase-saporin (anti-DBH-sa-
porin). In the late 1970’s, rabbit polyclonal antisera to
dopamine beta-hydroxylase were reported to be taken
up and concentrated in noradrenergic postganglionic
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sympathetic neurons after systemic injection (Jacobow-
itz et al., 1975) or injection into organs innervated by
noradrenergic neurons (Ziegler et al., 1976). Spinal
cord injections retrogradely labeled pontine noradren-
ergic neurons (Westlund et al., 1981Westlund et al.,
1984). Later, such injections combined with guinea pig

complement were used to produce lesions of noradren-
ergic neurons (Blessing et al., 1977; Lewis et al., 1977;
Costa et al., 1979; Geffen et al., 1982). With the devel-
opment of monoclonal antibodies to DBH, it became
possible to make the corresponding immunotoxin.
Anti-DBH-saporin selectively destroys noradrenergic
and adrenergic neurons after systemic (Picklo et al.,
1994, 1995a,b), intrathecal (Wrenn et al., 1996; Rohde
and Basbaum, 1998; Martin et al., 1999) or intra-
parenchymal (Blessing et al., 1998; Madden et al.,
1999) injection. In rats, this immunotoxin is highly
selective and efficient. Fig. 1 shows an example of the
noradrenergic denervation obtained in rat spinal cord
after lumbar intrathecal injection of anti-DBH-sa-
porin. Fig. 2 shows that the predominate cell loss
occurs in the appropriate pontine noradrenergic cell
groups known to project to the cord (Westlund and
Coulter, 1980Westlund et al., 1981Westlund et al.,
1982, 1983Westlund et al., 1984Westlund et al., 1990;
Proudfit and Clark, 1991; Clark and Proudfit, 1991,
1992, 1993; Sluka and Westlund, 1992; Yeomans et
al., 1996). Preliminary experiments using lumbar in-
trathecal injection of anti-DBH alone showed the anti-
body was taken up and transported to the same
pontine cells (data not shown). An immunotoxin to
the dopamine transporter that is specific for midbrain
dopaminergic neurons also has been reported (Wiley et
al., 1996). It is likely that additional anti-neuronal
immunotoxins can be developed with the requirement
that the antibody targeting vector be directed against
an epitope on the external surface of the neuronal
plasma membrane.

3. Neuropeptide-toxin conjugates

Neuropeptide conjugates were first used a number
of years ago in experiments on the hypothalamic–pi-
tuitary endocrine system (Samson et al., 1992a,b, 1993,
1995; Blackburn et al., 1993, 1995a,b). Recently, Man-
tyh and colleagues showed that substance P is selec-
tively internalized by neurons expressing the
neurokinin-1 receptor (NK-1R) (Mantyh et al., 1995).
Based on this observation, we made substance P-sa-
porin which is selectively toxic to NK-1R both in vitro
and in vivo (Wiley and Lappi, 1997). An even more
efficient version using a modified analog of substance
P has been described recently (Wiley and Lappi, 1999).
Lumbar intrathecal injection of substance P-saporin
selectively destroys neurons in lamina I of the spinal
dorsal horn that express NK-1R (Mantyh et al., 1997).
This lesion inhibits the development of hyperalgesia
under a variety of conditions (Nichols et al., 1999) and
may prove to be a useful treatment for chronic pain.
However, to date, there has been no convincing evi-
dence that substance P-saporin is axonally trans-

Fig. 1. Ventral horns of lumbar spinal cord sections stained for
demonstration of dopamine b-hydroxylase using indirect peroxidase
immunohistochemistry as previously described (Wrenn et al., 1996).
Panel A is from a normal control rat sacrificed two months after
lumbar intrathecal injection of vehicle (saline with 1 mg/ml bovine
serum albumin and 0.1% Fast Green dye). Note the positively stained
varicosities that appear as black dots. Panel B is from a rat sacrificed
four months after lumber intrathecal injection of 250 ng of anti-
DBH-saporin. Note the complete absence of stained varicosities
consistent with complete destruction of the noradrenergic innervation
to the spinal cord. The magnification bar in the right lower corner
indicates 100 mm.
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Fig. 2. Cell counts of brainstem noradrenergic neurons and the effects of lumbar intrathecal injection of anti-DBH-saporin. Two adult male
Sprague-Dawley rats (Harlan) were injected at each dose of toxin and of vehicle. Two sets of one in six series of 40 mm transverse brainstem
sections were stained for demonstration of dopamine b-hydroxylase using indirect immunoperoxidase technique as previously described (Wrenn
et al., 1996). The number of positively stained cells per section in the sections through the normal rostrocaudal extent of the indicated cell groups
were averaged to give the values indicated in each graph. In the case of the locus coeruleus (A6), cells were counted in cresyl violet (Nissl) stained
sections. Note the sparing of medullary cells (A1 and A2). All three toxin doses produced the same degree of partial lesion of the A6 (locus
coeruleus) and loss of A5 and A7 cells occurred only at the higher doses (250 ng and 1250 ng).
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ported. All experiments have applied the toxin in the
vicinity of the cell bodies. A dermorphin-saporin conju-
gate has been recently described that targets neurons
expressing the m opiate receptor (Wiley and Lappi,
1998).

4. Example protocols

4.1. Suicide transport

In the peripheral nervous system, ricin remains a
useful agent.
1. Dilute stock ricin solution in sterile saline with

0.1% Fast Green dye. For a typical rat peripheral
nerve, a concentration of 1 mg/ml is a reasonable
starting point.

2. Expose and mobilize a short segment of the nerve
in an anesthetized animal.

3. Pressure microinject 1 ml of ricin solution using a
glass micropipette with the tip broken back or a
fine syringe needle and a Hamilton microsyringe.
Insert the pipette or needle into the nerve at a
shallow angle. Progress of the injection can be fol-
lowed by observing the spread of the dye.

4. Allow the rat to recover for two weeks and then
apply appropriate tests.

5. Sacrifice the rat by formalin perfusion fixation and
stain frozen sections of the appropriate sensory
ganglia (ipsilateral and contralateral to toxin injec-
tion) and/or appropriate CNS region with acidic
cresyl violet to confirm loss of the target neurons.

4.2. Immunolesioning

Intracerebroventricular injection of the im-
munotoxin, anti-DBH-saporin will preferentially de-
stroy pontine noradrenergic neurons in rats.
1. Dilute anti-DBH-saporin (Advanced Targeting

Systems, San Diego, CA) in sterile saline with
0.1% Fast Green dye. To lesion all pontine nora-
drenergic neurons, a good starting concentration
would be 1 mg/ml.

2. Pressure microinject into the lateral ventricle in a
volume of 10 ml (total dose = 10 mg) using stan-
dard stereotactic technique. Use injection volumes
of at least 10 ml to insure adequate distribution of
toxin through the ventricular system.

3. Allow rats to recover for two weeks and then per-
form appropriate testing.

4. Sacrifice rats by formalin fixation and immunohis-
tochemically stain frozen sections of the brain and/
or spinal cord using monoclonal antibody to
dopamine beta-hydroxylase (MAB308, Chemicon
International, Temecula, CA) to confirm the extent
of lesion.

4.3. Neuropeptide-toxin conjugate

The best studied of these agents is substance P-sa-
porin which will destroy lamina I spinal dorsal horn
neurons that express the neurokinin-1 receptor.
1. Dilute substance P-saporin (Advanced Targeting

Systems, San Diego, CA) in sterile saline con-
taining 1 mg/ml bovine serum albumin and 0.1%
Fast Green dye. A good starting concentration
for lumbar intrathecal injection is 30 ng/ml in a
rat.

2. Pressure microinject into the lumbar subarachnoid
space in a volume of 10 ml followed by a 10 ml
flush of vehicle using a stretched PE-10 catheter
inserted through the atlanto-occipital membrane as
described by Yaksh (Yaksh and Rudy, 1977).

3. Allow rats to survive for two weeks and then per-
form appropriate testing.

4. Sacrifice rats by formalin perfusion and stain
spinal cord sections for demonstration of neu-
rokinin-1 receptor using rabbit polyclonal antibody
(Chemicon International, Temecula, CA) to
confirm extent of lesion.

5. Caveats – lessons learned the hard way

A number of considerations are important when
using axonally transported toxins:
1. These toxins are proteins that must be handled

appropriately including minimizing freezing and
thawing, keeping aliquots sterile and cold and not
foaming when mixing. Standard preservatives (i.e.
azide) are incompatible with the toxins.

2. Each experiment should be preceded by pilot ex-
periments to determine the dose and route of ad-
ministration that will produce the desired lesion.

3. Anatomical studies are always needed to confirm
the lesion location, selectivity and extent in each
animal.

4. Control experiments may include injection of vehi-
cle alone, saporin alone, reduced toxin (pre-treated
with dithiothreitol) or an irrelevant immunotoxin.
In situations where collateral damage is unavoid-
able, an appropriate control would involve pro-
ducing the collateral damage without producing
a lesion of the primary target population. In the
CNS, this can be done using ricin to repro-
duce non-specific injection site damage because
ricin is not axonally transported within the CNS
(Pangalos et al., 1991Pangalos et al., 1992Francis
et al., 1992Chessell et al., 1993aChessell et
al., 1993bChessell et al., 1995Cevolani et al., 1995;
Roberts et al., 1993, 1995; Wiley and Lappi,
1994).
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6. Summary

The collection of techniques described now makes
possible a variety of powerful experiments generally
aimed at determining the function of a particular group
of neurons by analyzing the effect of selectively destroy-
ing the neurons in question. The choice of targets is
continuing to increase ever more rapidly now that the
usefulness of this approach has become apparent. The
challenge will be to integrate this information with the
other lines of inquiry in coming to conclusions about
the function of a neural system. In pharmacology, the
interesting paradigm of analyzing drug action by re-
moving populations of neurons expressing a particular
receptor promises new and illuminating insight into the
site(s) and cellular mechanism(s) of therapeutically im-
portant drugs. Ultimately, the delivery of non-toxic
moieties, such as genes, will develop based on the same
targeting principles. Wiley et al., 1983

References

Bigotte L, Olsson Y. Retrograde transport of doxorubicin (Adri-
amycin) in peripheral nerves of mice. Neuroscience Letters
1982;32:217–21.

Bigotte L, Olsson Y. Cytotoxic effects of adriamycin on mouse
hypoglossal neurons following retrograde axonal transport from
the tongue. Acta Neuropathology 1983;61:161–8.

Black MD, Crossman AR. Changes in dopamine D1 and D2 receptor
binding in the substantia nigra following intrastriatal injection of
a retrograde neurotoxin (volkensin). Neuroscience Letters
1992;134:180–2.

Blackburn RE, Samson WK, Fulton RJ, Stricker EM, Verbalis JG.
Central oxytocin inhibition of salt appetite in rats: evidence for
differential sensing of plasma sodium and osmolality. Proceeding
of the National Academy of Science United States of America
1993;90:10380–4.

Blackburn RE, Samson WK, Fulton RJ, Stricker EM, Verbalis JG.
Central oxytocin and ANP receptors mediate osmotic inhibition
of salt appetite in rats. American Journal of Physiology Regul
Integr Comp Physiol 1995a;269:R245–51.

Blackburn RE, Samson WK, Fulton RJ, Stricker EM, Verbalis JG.
Central oxytocin and ANP receptors mediate osmotic inhibition
of salt appetite in rats. American Journal of Physiology
1995b;269:R245–51.

Blessing WW, Costa M, Geffen LB, Furness J. Immune lesions of
noradrenergic neurons in rat central nervous system produced by
antibodies to dopamine-b-hydroxylase. Nature 1977;267:368–9.

Blessing WW, Lappi DA, Wiley RG. Destruction of locus coeruleus
neuronal perikarya after injection of anti-dopamine-b-hydroxylase
immunotoxin into the olfactory bulb of the rat. Neuroscience
Letters 1998;243:85–8.

Blumenkopf B, Lipman JJ. Studies in autotomy: Its pathophysiology
and usefulness as a model of chronic pain. Pain 1991;45:203–9.

Book AA, Wiley RG, Schweitzer JB. 192 IgG-saporin: I. Specific
lethality for cholinergic neurons in the basal forebrain of the rat.
Journal of Neuropathology and Experimental Neurology
1994;53:95–102.

Book AA, Wiley RG, Schweitzer JB. 192 IgG-saporin. 2. Neu-
ropathology in the rat brain. Acta Neuropathology (Berlin)
1995;89:519–26.

Cevolani D, Strocchi P, Bentivoglio M, Stirpe F. Suicide retrograde
transport of volkensin in cerebellar afferents: direct evidence,
neuronal lesions and comparison with ricin. Brain Research
1995;689:163–71.

Chandler CE, Parsons LM, Hosang M, Shooter EM. A monoclonal
antibody modulates the interaction of nerve growth factor with
PC12 cells. Journal of Biological Chemistry 1984;259:6882–9.

Chessell JP. Acetylcholine receptor targets on cortical pyramidal
neurones as targets for Alzheimer’s therapy. Neurodegeneration
1996;5:453–9.

Chessell IP, Francis PT, Pangalos MN, Pearson RC, Bowen DM.
Localisation of muscarinic (m1) and other neurotransmitter recep-
tors on corticofugal-projecting pyramidal neurones. Brain Re-
search 1993a;632:86–94.

Chessell IP, Francis PT, Bowen DM. A cortical pyramidal neurone
neurotransmitter receptor that may affect beta-amyloid precursor
protein. Biochemical Society Transactions 1993b;21:3.

Chessell IP, Francis PT, Bowen DM. Changes in cortical nicotinic
acetylcholine receptor numbers following unilateral destruction of
pyramidal neurones by intrastriatal volkensin injection. Neurode-
generation 1995;4:415–24.

Chessell IP, Pearson RC, Heath PR, Bown DM, Francis PT. Selective
loss of cholinergic receptors following unilateral intracortical in-
jection of volkensin. Experimental Neurology 1997;147:183–91.

Clark FM, Proudfit HK. The projection of noradrenergic neurons in
the A7 catecholamine cell group to the spinal cord in the rat
demonstrated by anterograde tracing combined with immunocy-
tochemistry. Brain Research 1991;547:279–88.

Clark FM, Proudfit HK. Anatomical evidence for genetic differences
in the innervation of the rat spinal cord by noradrenergic locus
coeruleus neurons. Brain Research 1992;591:44–53.

Clark FM, Proudfit HK. The projections of noradrenergic neurons in
the A5 catecholamine cell group to the spinal cord in the rat:
anatomical evidence that A5 neurons modulate nociception. Brain
Research 1993;616:200–10.

Costa M, Geffen LB, Rush RA, Bridges D, Blessing WW, Heath JW.
Immune lesions of central noradrenergic neurons produced by
antibodies to dopamine-b-hydroxylase. Brain Research
1979;173:65–78.

Crawford JM, Barton RW. Thy-1 glycoprotein: Structure, distribu-
tion and ontogeny. Laboratory Investigations 1986;54:122–35.

Crino PB, Vogt BA, Volicer L, Wiley RG. Cellular localization of
serotonin 1A, 1B and uptake sites in cingulate cortex of the rat.
Journal of Pharmacology and Experimental Therapeutics
1990;252:651–6.

Cummings JF, Fubini SL, Todhunter RJ. Attempts to prevent equine
post neurectomy neuroma formation through retrograde trans-
port of two neurotoxins, doxorubicin and ricin. Equine Vetinary
Journal 1988;20:451–6.

Cusick CG, Wall JT, Whiting JH, Wiley RG. Temporal progression
of cortical reorganization following nerve injury. Brain Research
1990;537:355–8.

Davis TL, Wiley RG. Anti-Thy 1 immunotoxin, OX7-saporin, de-
stroys cerebellar Purkinje cells after intraventricular injection.
Brain Research 1989;504:216–22.

de la Cruz RR, Baker R, Delgado-Garcia JM. Response of adult cat
abducens internuclear interneurons to selective removal of their
target motoneurons. Experiments in Brain Research 1991;84:167–
72.

de la Cruz RR, Pastor AM, Delgado-Garcia JM. Neurotoxic lesion
of oculomotor neruons: evidence for rearrangement of axon ter-
minals of surviving afferent neurons. Neurotoxicology
1994a;15:633–6.

de la Cruz RR, Pastor AM, Delgado-Garcia JM. Effects of target
depletion on adult mammalian central neurons: functional corre-
lates. Neuroscience 1994b;58:81–97.



R.G. Wiley, R.H. Kline IV / Journal of Neuroscience Methods 103 (2000) 73–8280

DiStefano PS, Schweitzer JB, Taniuchi M, Johnson EMJ. Selective
destruction of nerve growth factor receptor-bearing cells in vitro
using a hybrid toxin composed of ricin A chain and a monoclonal
antibody against the nerve growth factor receptor. Journal of Cell
Biology 1985;101:1107–14.

Eiklid K, Olsnes S, Pihl A. Entry of lethal doses of abrin, ricin and
modeccin into the cytosol of HeLa cells. Experimental Cell Re-
search 1980;126:321–6.

Endo Y, Mitsui K, Motizuki M, Tsurugi K. The mechanism of action
of ricin and related toxic lectins on eukaryotic ribosomes. Journal
of Biological Chemistry 1987;262:5908–12.

England JD, Asbury AK, Rhee EK, Sumner AJ. Lethal retrograde
axoplasmic transport of doxorubicin (Adriamycin) to motor neu-
rons. A toxic motor neuronopathy. Brain 1988;111:915–26.

Figueredo-Cardenas G, Harris CL, Anderson KD, Reiner A. Relative
resistance of striatal neurons containing calbindin or parvalbumin
to quinolinic acid-mediated excitotoxicity compared to other stri-
atal neuron types. Experimental Neurology 1998;149:356–72.

Fine A, Hoyle C, Maclean CJ, Levatte TL, Baker HF, Ridley RM.
Learning impairments following injection of a selective cholinergic
immunotoxin, ME20.4 IgG-saporin, into the basal nucleus of
Meynert in monkeys. Neuroscience 1997;81:331–43.

Francis PT, Pangalos MN, Pearson RC, Middlemiss DN, Stratmann
GC, Bowen DM. 5- Hydroxytryptamine1A but not 5-hydrox-
ytryptamine2 receptors are enriched on neocortical pyramidal
neurones destroyed by intrastriatal volkensin. Journal of Pharma-
cology and Experimental Therapeutics 1992;261:1273–81.

Frankel AE. Immunotoxins: Cancer treatment and research series,
(1st ed.). Boston: MartinusNijhoff (1988).

Geffen LB, Rush RA, Costa M, Furness JB, Blessing W. Use of
dopamine-beta-hydroxylase antibodies to produce transmitter-
specific immune lesions of noradrenergic nerves. In Chubb IW,
Geffen LB, editors.Neurotoxins: Fundamental and Clinical Ad-
vances. Center for Neuroscience, Flinders Univ. Medical Center:
Adelaide, Australia, 1982, pp. 227–240.

Hanin I. AF64A-induced cholinergic hypofunction. Progress in Brain
Research 1990;84:289–99.

Harrison MB, Wiley RG, Wooten GF. Selective localization of
striatal D1 receptors to striatonigral neurons. Brain Research
1990;528:317–22.

Harrison MB, Wiley RG, Wooten GF. The time course of changes in
D1 and D2 receptor binding in the striatum following a selective
lesion of striatonigral neurons. Brain Research 1992a;596:330–6.

Harrison MB, Wiley RG, Wooten GF. Changes in D2 but not D1
receptor binding in the striatum following a selective lesion of
striatopallidal neurons. Brain Research 1992b;590:305–10.

Heckers S, Mesulam M-M. Two types of cholinergic projections to
the rat amygdala. Neuroscience 1994;60:383–97.

Helke CJ, Charlton CG, Wiley RG. Suicide transport of ricin demon-
strates the presence of substance P receptors on medullary so-
matic and autonomic motor neurons. Brain Research
1985;328:190–5.

Helke CJ, Charlton CG, Wiley RG. Studies on the cellular localiza-
tion of spinal cord substance P receptors. Neuroscience
1986;19:523–33.

Hodes ZI, Rea MA, Felten DL, Aprison MH. Specific binding of the
muscarinic antagonist [3H]quinuclidinyl benzilate is not associ-
ated with preganglionic motor neurons in the dorsal motor nu-
cleus of the vagus. Neurochemical Research 1983;8:73–87.

Holley LA, Wiley RG, Lappi DA, Sarter M. Cortical cholinergic
deafferentation following the intracortical infusion of 192 IgG-sa-
porin: a quantitative histochemical study. Brain Research
1994;663:277–86.

Jacobowitz DM, Ziegler MG, Thomas JA. In vivo uptake of anti-
body to dopamine-b-hydroxylase into sympathetic elements.
Brain Research 1975;91:165–70.

Jarrard LE, Levy A, Meyerhoff JL, Kant GJ. Intracerebral injections
of AF64A: an animal model of Alzheimer’s disease? Annals of the
New York Academy of Sciences 1985;444:520–2.

Jonsson G. Chemical neurotoxins as denervation tools in neurobiol-
ogy. Annual Review of Neuroscience 1980;3:169–87.

Koda LY, VanDerKooy D. Doxorubicin: A fluorescent neurotoxin
retrogradely transported in the central nervous system. Neuro-
science Letters 1983;36:1–8.

Kondo A, Ohnishi A, Nagara H, Tateishi J. Neurotoxicity in primary
sensory neurons of adriamycin administered through retrograde
axoplasmic transport in rats. Neuropathology and Applied Neu-
robiology 1987;1987:177–92.

Kostrzewa RM, Jacobowitz DM. Pharmacological actions of 6-
OHDA. Pharmacological Review 1974;26:199–288.

Krum JM, Kenyon KL, Rosenstein JM. Expression of blood-brain
barrier characteristics following neuronal loss and astroglial dam-
age after administration of anti-Thy-1 immunotoxin. Experimen-
tal Neurology 1997;146:33–45.

Lee MG, Chrobak JJ, Sik A, Wiley RG, Buzsaki G. Hippocampal
theta activity following selective lesion of the septal cholinergic
system. Neuroscience 1994;62:1033–47.

Lewis SY, Rush RA, Geffen LB. Biochemical effects on guinea pig
iris of local injection of dopamine-beta-hydroxylase antibodies
and (Fab%)2 fragments. Brain Research 1977;134:173–9.

Lookingland KJ, Chapin DS, McKay DW, Moore KE. Comparative
effects of the neurotoxins N-chloroethyl-N-ethyl-2-bromobenzy-
lamine hydrochloride (DSP4) and 6-hydroxydopamine on hypo-
thalamic noradrenergic, dopaminergic and
5-hydroxytryptaminergic neurons in the male rat. Brain Research
1986;365:228–34.

Madden CJ, Ito S, Rinaman L, Wiley RG, Sved AF. Lesions of the
C1 catecholaminergic neurons of the ventrolateral medulla in rats
using anti-DBH-saporin [In Process Citation]. American Journal
of Physiology 1999;277:R1063–75.

Mantyh PW, Allen CJ, Ghilardi JR, Rogers SD, Mantyh CR, Liu H,
Basbaum AI, Vigna SR, Maggio JE. Rapid endocytosis of a G
protein-coupled receptor: substance P evoked internalization of its
receptor in the rat striatum in vivo. Proceedings of National
Academy of Science United States of America 1995;92:2622–6.

Mantyh PW, Rogers SD, Honore P, Allen BJ, Ghilardi JR, Li J,
Daughters RS, Lappi DA, Wiley RG, Simone DA. Inhibition of
hyperalgesia by ablation of lamina I spinal neurons expressing the
substance P receptor. Science 1997;278:275–9.

Martin WJ, Gupta NK, Loo CM, Rohde DS, Basbaum AI. Differen-
tial effects of neurotoxic destruction of descending noradrenergic
pathways on acute and persistent nociceptive processing. Pain
1999;80:57–65.

Miettinen R, Kotti T, Halonen T, Riekkinen P. Sr. NADPH di-
aphorase-containing nonpyramidal cells in the rat hippocampus
exhibit differential sensitivity to kainic acid. European Journal of
Neuroscience 1995;7:1822–5.

Nichols ML, Allen BJ, Rogers SD, Ghilardi JR, Honore P, Luger
NM, Finke MP, Li J, Lappi DA, Simone DA, Mantyh PW.
Transmission of chronic nociception by spinal neurons expressing
the substance P receptor. Science 1999;286:1558–61.

Ohtake T, Heckers S, Wiley RG, Lappi DA, Mesulam MM, Geula C.
Retrograde degeneration and colchicine protection of basal fore-
brain cholinergic neurons following hippocampal injections of an
immunotoxin against the P75 nerve growth factor receptor. Neu-
roscience 1997;78:123–33.

Olsnes S, Pihl A. Toxic lectins and related proteins. In: Cohen P,
VanHeyningen S, editors. Molecular actions of toxins and viruses.
Amsterdam: Elsevier/NorthHolland, 1982:51–105.

Olsnes S, Sandvig K. Entry of polypeptide toxins in animal cells. In:
Pastan I, Willingham MC, editors. Endocytosis. New York:
Plenum, 1985:195–234.



R.G. Wiley, R.H. Kline IV / Journal of Neuroscience Methods 103 (2000) 73–82 81

Pangalos MN, Francis PT, Pearson RC, Middlemiss DN, Bowen
DM. Destruction of a sub-population of cortical neurones by
suicide transport of volkensin, a lectin from Adenia volkensii.
Journal of Neuroscience Methods 1991;40:17–29.

Pangalos MN, Francis PT, Foster AC, Pearson RC, Middlemiss DN,
Bowen DM. NMDA receptors assessed by autoradiography with
[3H]L-689,560 are present but not enriched on corticofugal-pro-
jecting pyramidal neurones. Brain Research 1992;596:223–30.

Picklo MJ, Wiley RG, Lappi DA, Robertson D. Noradrenergic
lesioning with an anti-dopamine b-hydroxylase immunotoxin.
Brain Research 1994;666:195–200.

Picklo MJ, Wiley RG, Lappi DA, Robertson DA. Noradrenergic
lesioning using an immunotoxin against dopamine b-hydroxylase.
Brain Research 1995a;666:195–200.

Picklo MJ, Wiley RG, Lonce S, Lappi DA, Robertson D. Anti-do-
pamine b-hydroxylase immunotoxin-induced sympathectomy in
adult rats. Journal of Pharmacology and Experimental Therapeu-
tics 1995b;275:1003–10.

Proudfit HK, Clark FM. The projections of locus coeruleus neurons
to the spinal cord. Progress in Brain Research 1991;88:123–41.

Raff MC, Fields KL, Hakomori S-I, Mirsky R, Pruss RM, Winter J.
Cell-type-specific markers for distinguishing and studying neurons
and the major classes of glial cells in culture. Brain Research
1979;174:283–308.

Ridley RM, Barefoot HC, Maclean CJ, Pugh P, Baker HF. Different
effects on learning ability after injection of the cholinergic im-
munotoxin ME20.4IgG-saporin into the diagonal band of Broca,
basal nucleus of Meynert, or both in monkeys. Behavioural
Neuroscience 1999;113:303–15.

Riekkinen P, Riekkinen M, Valjakka A, Riekkinen P, Sirvio J.
DSP-4, a noradrenergic neurotoxin, produces more severe bio-
chemical and functional deficits in aged than young rats. Brain
Research 1992;570:293–9.

Roberts RC, Harrison MB, Francis SM, Wiley RG. Differential
effects of suicide transport lesions of the striatonigral or striato-
pallidal pathways on subsets of striatal neurons. Experimental
Neurology 1993;124:242–52.

Roberts RC, Strain-Saloum C, Wiley RG. Effects of suicide transport
lesions of the striatopallidal or striatonigral pathways on striatal
ultrastructure. Brain Research 1995;701:227–37.

Rohde DS, Basbaum AI. Activation of coeruleospinal noradrenergic
inhibitory controls during withdrawal from morphine in the rat.
Journal of Neuroscience 1998;18:4393–402.

Sachdev RNS, Lu SM, Wiley RG, Ebner FF. Role of the basal
forebrain cholinergic projection in somatosensory cortical plastic-
ity. Journal of Neurophysiology 1998;79:3216–28.

Samson WK, Alexander BD, Skala KD, Huang FL, Fulton RJ.
Ricin-cytotoxin conjugate administration reveals a physiologically
relevant role for oxytocin in the control of gonadotropin secre-
tion. Annals of the New York Academy of Sciences
1992a;652:411–22.

Samson WK, Alexander BD, Skala KD, Huang FL, Fulton RJ.
Central peptidergic mechanisms controlling reproductive hormone
secretion: novel methodology reveals a role for the natriuretic
peptides. Canadian Journal of Physiology and Pharmacology
1992b;70:773–8.

Samson WK, Huang FL, Fulton RJ. C-type natriuretic peptide
mediates the hypothalamic actions of the natriuretic peptides to
inhibit luteinizing hormone secretion. Endocrinology
1993;132:504–9.

Samson WK, Huang FL, Fulton RJ. Opposing neuroendocrine ac-
tions of the natriuretic peptides: C-type and A-type natriuretic
peptides do not interact with the same hypothalamic cells con-
trolling prolactin secretion. Journal of Neuroendocrinology
1995;7:759–63.

Schweitzer JB. Nerve growth factor receptor-mediated transport from
cerebrospinal fluid to basal forebrain neurons. Brain Research
1987;423:309–17.

Schweitzer JB. Nerve growth factor receptor-mediated transport from
CSF labels cholinergic neurons: direct demonstration by a double-
labeling study. Brain Research 1989;490:390–6.

Sluka KA, Westlund KN. Spinal projections of the locus coeruleus
and the nucleus subcoeruleus in the Harlan and the Sasco
Sprague-Dawley rat. Brain Research 1992;579:67–73.

Thorpe PE, Brown ANF, Bremner JAG, Foxwell BMJ, Stirpe F. An
immunotoxin composed of monoclonal anti-Thy 1.1 antibody and
a ribosome-inactivating protein from Saponaria officinalis: Potent
antitumor effects in vitro and in vivo. Journal of the National
Cancer Institute 1985;75:151–9.

Torres EM, Perry TA, Blockland A, Wilkinson LS, Wiley RG, Lappi
DA, Dunnet SB. Behavioural, histochemical and biochemical
consequences of selective immunolesions in discrete regions of the
basal forebrain cholinergic system. Neuroscience 1994;63:95–122.

Uhr JW. Immunotoxins: Harnessing Nature’s Poisons, Journal of
Immunology 1984;133:i–x.

VanDerKooy D, Zito K, Roberts DCS. Evidence on the retrograde
neurotoxicity of doxorubicin. Neuroscience Letters 1985;53:215–
9.

Vogt BA, Wiley RG, Jensen EL. Localization of m and d opioid
receptors to anterior cingulate afferents and projection neurons
and input/output model of m regulation. Experimental Neurology
1995;135:83–92.

Wall JT, Cusick CG, Migani-Wall SA, Wiley RG. Cortical organiza-
tion after treatment of a peripheral nerve with ricin: an evaluation
of the relationship between sensory neuron death and cortical
adjustments after nerve injury. Journal of Computational Neurol-
ogy 1988;277:578–92.

Walsh TJ, Opello KD. The Use of AF64A (Ethylcholine Aziridium
Ion) to Model Alzheimer’s Disease. In: Woodruf ML, Nonneman
AJ, editors. Toxin-Induced Models of Neurological Disorders.
New York: Plenum Press, 1994:259–79.

Westlund KN, Coulter JD. Descending projections of the locus
coeruleus and subcoeruleus/medial parabrachial nuclei in monkey:
axonal transport studies and dopamine-b-hydroxylase immunocy-
tochemistry. Brain Research 1980;2:235–64.

Westlund KN, Bowker RM, Ziegler MG, Coulter JD. Origins of
spinal noradrenergic pathways demonstrated by retrograde trans-
port of antibody to dopamine-b-hydroxylase. Neuroscience Let-
ters 1981;25:243–9.

Westlund KN, Bowker RM, Ziegler MG, Coulter JD. Descending
noradrenergic projections and their spinal terminations. Progress
in Brain Research 1982;57:219–38.

Westlund KN, Bowker RM, Ziegler MG, Coulter JD. Noradrenergic
projections to the spinal cord of the rat. Brain Research
1983;263:15–31.

Westlund KN, Bowker RM, Ziegler MG, Coulter JD. Origins and
terminations of descending noradrenergic projections to the spinal
cord of monkey. Brain Research 1984;292:1–16.

Westlund KN, Carlton SM, Zhang D, Willis WD. Direct cate-
cholaminergic innervation of primate spinothalamic tract neurons.
Journal of Computational Neurology 1990;299:178–86.

Wiesenfeld-Hallin Z, Nennesmo I, Kristensson K. Autotomy in rats
after nerve section compared with nerve degeneration following
intraneural injection of Ricinus communis agglutinin I. Pain
1987;30:93–102.

Wiley RG, Lappi DA. Suicide transport and immunolesioning. 1994.
Austin, TX, R.G. Landes Co. Molecular Biology Intelligence
Unit, 1994.

Wiley RG, Lappi DA. Destruction of neurokinin-1 receptor express-
ing cells in vitro and in vivo using substance P-saporin in rats.
Neuroscience Letters 1997;230:97–100.

Wiley RG, Lappi DA. Dermorphin-saporin: A toxin targeted at
neurons expressing the mu opiate receptor. Abs Soc Neuroscience
1998;24:853.



R.G. Wiley, R.H. Kline IV / Journal of Neuroscience Methods 103 (2000) 73–8282

Wiley RG, Lappi DA. Targeting neurokinin-1 receptor-expressing
neurons with [Sar9,Met(O2)11]substance P-saporin. Neuroscience
Letters 1999;277:1–4.

Wiley RG, Blessing WW, Reis DJ. Suicide transport: destruction of
neurons by retrograde transport of ricin, abrin, and modeccin.
Science 1982;216:889–90.

Wiley RG, Talman WT, Reis DJ. Ricin transport distinguishes
between central and peripheral neurons. Brain Research
1983;269:357–60.

Wiley RG, Stirpe F. Neuronotoxicity of axonally transported toxic
lectins, abrin, modeccin and volkensin in rat peripheral nervous
system. Neuropathology and Applied Neurobiology 1987;13:39–
53.

Wiley RG, Stirpe F, Thorpe P, Oeltmann TN. Neuronotoxic effects
of monoclonal anti-Thy 1 antibody (OX7) coupled to the
ribosome inactivating protein, saporin, as studied by suicide
transport experiments in the rat. Brain Research 1989;505:44–
54.

Wiley RG, Oeltmann TN, Lappi DA. Immunolesioning: selective
destruction of neurons using immunotoxin to rat NGF receptor.
Brain Research 1991;562:149–53.

Wiley RG, Brown J, Levey AI, Lappi DA. Destruction of midbrain
dopaminergic neurons using immunotoxin to the dopamine trans-
porter, Abs Soc Neurscience 1996;22.

Wrenn CC, Picklo MJ, Lappi DA, Robertson D, Wiley RG. Central
noradrenergic lesioning using anti-DBH-saporin: anatomical find-
ings. Brain Research 1996;740:175–84.

Yaksh TL, Rudy TA. Studies on the direct spinal action of narcotics
in the production of analgesia in the rat. Journal of Pharmacology
and Experimental Therapeutics 1977;202:411–28.

Yeomans DC, Pirec V, Proudfit HK. Nociceptive responses to high and
low rates of noxious cutaneous heating are mediated by different
nociceptors in the rat: Behavioral evidence. Pain 1996;68:133–40.

Ziegler MG, Thomas JA, Jacobowitz DM. Retrograde axonal trans-
port of antibody to dopamine b-hydroxylase. Brain Research
1976;104:390–5.

.


