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Differential Spatial and Temporal Gene Expression in Response to
Axotomy and Deafferentation following Transection of the Medial

Forebrain Bundle
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Alterations in the levels of neurotransmitter biosynthetic en-
zymes are a concomitant of many neurodegenerative dis-
orders. In order to elucidate potential mechanisms for long-
term alterations in biosynthetic enzyme gene products in
response to neuronal injury, an acute axotomy/deafferen-
tation model was employed. A unilateral microknife tran-
section of the medial forebrain bundle (MFB) axotomizes
and/or deafferents phenotypically identified neuronal pop-
ulations important in the function of the basal ganglia. Semi-
quantitative in situ hybridization and immunohistochemical
analysis demonstrated that the products of the immediate-
early gene c-fos were induced postaxotomy in the norad-
renergic neurons of the locus ceruleus (LC), but not in the
dopaminergic neurons of the substantia nigra pars compacta
(SNc). Analysis of the levels of mRNA, protein, and activity
for tyrosine hydroxylase demonstrated that the LC neurons
survive the injury while the SNc neurons degenerate. After
MFB transection, Fos protein also was induced in the corpus
striatum within 1 hr, first in large, putatively cholinergic neu-
ronal populations followed at 3 hr by the small, putatively
GABAergic neurons. The substantia nigra pars reticulata and
the subthalamic nucleus neuronal populations, deafferented
by the MFB transection, also exhibited Fos induction begin-
ning at 3 hr. The data suggest that expression of Fos in a
neuronal population is correlative with respect to cell sur-
vival following either axotomy or deafferentation. Whether
Fos induction following injury is either a necessary mecha-
nism of cell survival or merely a marker of increased neuronal
activity requires further investigation.

[Key words: tyrosine hydroxylase, c-fos, in situ hybridiza-
tion, immunocytochemistry, degeneration, neuronal injury]

The biochemical cascade associated with axotomy induced neu-
ronal degeneration and regeneration in central catecholamine
systems was first described almost 20 years ago (Reis and Ross,
1973; Ross et al., 1975; Reis et al., 1978). In those experiments
electrolytic lesions of the median forebrain bundle (MFB) at the
level of the posterolateral hypothalamus simultaneously axo-

Received Sept. 9, 1992; revised Feb. 16, 1993; accepted Feb. 22, 1993.

We acknowledge the expert technical assistance of Ms. Kimberly Morel and
MTr. Charles Carver. In addition we thank Dr. Bruce Volpe for providing assistance
on the quantitation of histological material. This work was supported by NIH
Grant MH44043 and a Parkinson’s Foundation Grant.

Correspondence should be addressed to Tong H. Joh, Ph.D., Cornell University
Medical College at the W. M. Burke Medical Research Institute, 785 Mamaroneck
Avenue, White Plains, NY 10605.

Copyright © 1993 Society for Neuroscience 0270-6474/93/133472-13%05.00/0

tomized both the dopaminergic neurons in the substantia nigra
pars compacta (SNc¢) and the noradrenergic neurons in the locus
ceruleus (LC). Axotomy of the LC neurons produced a char-
acteristic triphasic response in the activity of tyrosine hydrox-
ylase (TH), which consisted of an increase in enzyme activity
to 150% of control over the first 2 d, and then a reduction to
60% of control during the second week, and finally a return to
near control activity levels by the fourth week (Reis and Ross,
1973; Ross et al., 1975). Quantitative morphometry and im-
munotitration studies demonstrated that these changes in ac-
tivity were not the consequence of cell death in the LC but
resulted from changes in the amounts of enzyme protein and
not activation or deactivation of existing enzyme molecules
(Reis et al., 1973; Ross et al., 1975).

In contrast, the axotomized dopaminergic neuronal popula-
tion in the SNc underwent an entirely different biochemical
response to injury. Electrolytic lesion of the MFB resulted in an
increase in TH activity in the SNc to 175% of control levels by
24 hr followed by a gradual but permanent reduction to 40%
of control by 2 weeks. These changes in TH activity resulted
from alterations in the amounts of TH protein (Reis et al., 1978).
The cellular and molecular mechanisms underlying the differ-
ential response to axotomy in these two catecholaminergic neu-
ronal populations have yet to be elucidated. Recently, the early
alterations (<1 week) in TH immunoreactivity and mRNA in
the SNc¢ and LC were analyzed following microknife transection
of the MFB (Weiser et al., 1993). Within 24 hr TH immuno-
reactivity increased in both the axotomized SNc¢ and LC. How-
ever, semiquantitative in situ hybridization revealed a postax-
otomy TH mRNA increase in the LC, but not in the SNc,
suggesting that, in the LC, at least a portion of the increase in
TH immunoreactivity and enzyme activity was a consequence
of new protein synthesis and not lesion-induced protein pile-up
as previously hypothesized. Notably, the increase in TH mRNA
levels in the LC was preceded by an increase in the levels of
expression of the c-fos gene products (Weiser et al., 1993). The
delayed molecular events, especially as related to neuronal sur-
vival in these and other neuronal populations in the basal ganglia
circuitry, have not been elucidated using this type of acute lesion.

Lesions of the SNc have often been utilized as a model of
Parkinson’s disease (PD) (Bernheimer et al., 1973). Many ex-
perimental paradigms have studied the effects of relatively slow
and long-term dopamine depletion since the large reduction in
the number of dopaminergic projection neurons in the SNc and
the subsequent depletion of dopamine in the corpus striatum
(CS) in PD also is a slow process. A number of these studies
have employed the dopamine neuron specific neurotoxin



6-hydroxydopamine (6-OHDA). However, the relatively pro-
tracted degenerative response following 6-OHDA may hinder
observation of early or transient molecular events that may
trigger a neurons response to injury. Furthermore, compensa-
tory responses following administration of 6-OHDA that occur
in both the SN¢ neurons and in the nigrostriatal circuitry may
also impede analysis during this prolonged process (Zigmond
et al., 1990). For example, both GABAergic (Ribak et al., 1979;
Mugnaini and Oertel, 1985; Kubota et al., 1987a) and cholin-
ergic neurons (Kubota et al., 1987b) in the CS, which receive
input from dopaminergic SNc neurons, exhibit biochemical al-
terations after 6-OHDA administration (Vincent et al., 1978;
Herman et al., 1988; Jackson et al., 1988; Segovia et al., 1990,
1991). A microknife transection of the MFB, similar to the
electrolytic lesions previously employed (Reis and Ross, 1973)
and which instantly damages the axons of the dopaminergic
projection neurons, can be utilized to detect either immediate
or transient cellular events that occur in response to axotomy.
Lesions of this type also may facilitate observation of immediate
or transient events occurring in response to dopamine depletion
in the deafferented neurons of the CS.

Recent evidence has suggested that immediate-early genes,
such as c-fos, may play important roles in the development of
the long-term dopamine-related deficits in the CS (Robertson
et al., 1991). Immediate-early genes are believed to bridge the
gap between extracellular stimulus/response cascades to longer-
term changes in gene function (Morgan and Curran, 1989; Dou-
cet et al., 1990). Fos has been shown to act as one part of a
DNA complex along with another immediate-early gene, c-jun,
in order to regulate the synthesis of many genes (Morgan and
Curran, 1989). Fos/Jun complexes may influence both neuro-
transmitter synthesis and function via the presence of an AP-1
site on a particular target gene (Franza et al., 1988; Gizang-
Ginsberg and Ziff, 1990; Sheng and Greenberg, 1990). Experi-
mentally, it has been demonstrated that c-fos expression is in-
duced following stress (Ceccatelli et al., 1989) and kindling (Dra-
gonow and Robertson, 1987b), by depolarization subsequent to
application of neurotransmitters (Greenberg et al., 1985), mem-
brane depolarization with potassium (Bartel et al., 1989), in-
duction of seizures by drugs or electrical stimulation (Dragonow
and Robertson, 1987a; Morgan et al., 1987), peripheral sensory
stimulation (Hunt et al., 1987; Jones and Evinger, 1991), and
the administration of growth factors (Greenberg et al., 1985).
These experiments suggested that c-fos expression is correlated
with increased neuronal activity following depolarization. If in-
creased neuronal activity is a concomitant of cell survival, we
hypothesize that expression of Fos (a potential marker of neu-
ronal activity) upon axotomy or deafferentation might allow us
to predict the eventual fate of a neuron.

The comparison between the early gene response of neurons
directly and indirectly injured by axotomy and deafferentation
has not been examined. Unilateral transection of the MFB ax-
otomizes dopaminergic neurons in the SNc, noradrenergic neu-
rons in the LC, striatonigral GABAergic neurons in the CS, and
GABAergic neurons in the globus pallidus (GP). In addition, it
deafferents striatopallidal GABAergic neurons in the CS, cholin-
ergic neurons in the CS, glutamatergic neurons in the subtha-
lamic nucleus (STN), and GABAergic neurons in the substantia
nigra pars reticulata (SNr). In order to examine the longer-term
consequences of axotomy and deafferentation, these studies fo-
cused on the genomic response of neurons to transection of the
MEFB.
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Materials and Methods

Lesions. Male Sprague-Dawley rats (Charles River Laboratories, Kings-
ton, NY) (n = 3/time point), approximately 250 gm body weight, were
anesthetized with an intraperitoneal injection (40 mg/kg) of sodium
pentobarbital (Nembutal, Butler Co., Columbus, OH). Animals were
placed in a stereotaxic apparatus and a unilateral transection was made
of the MFB (—3.0 AP, +0.6 LAT, —8.8 DV) using a Kopf wire knife.
The animals were allowed to recover from the anesthesia and were killed
at various time points from 1 hr to 6 weeks posttransection.

Immunohistochemistry. Animals were deeply anesthetized with so-
dium pentobarbital (120 mg/kg) and perfused transcardially with saline
containing 0.5% sodium nitrate and 10 U/ml heparin sulfate followed
by cold 4% formaldehyde generated from paraformaldehyde in 0.1 M
sodium phosphate buffer, pH 7.2. The brains were postfixed in the same
fixative for 1 hr and embedded in 30% sucrose overnight. Free-floating
sections (40 pm), obtained on a freezing microtome, were washed for
30 min in 0.1 M sodium phosphate-buffered saline (PBS) and prein-
cubated with 1% bovine serum albumin (BSA) and 0.2% Triton X-100
in 0.1 m PBS. Sections were washed in PBS containing 0.5% BSA and
incubated overnight with TH or Fos antisera (Fos and related antigens)
(1:25,000 for TH and 1:3000 for Fos; Cambridge Research). Sections
were washed in PBS-BSA and incubated for 1 hr with biotinylated anti-
rabbit IgG (TH) or anti-sheep IgG (Fos) (Vector Laboratories, Burlin-
game, CA). The tissue was washed and incubated for 1 hr with the
avidin-biotin horseradish peroxidase complex according to Vector Elite
kit instructions (Vector Laboratories, Burlingame, CA). The antigens
were visualized by reaction with 3,3-diaminobenzidine tetrahydrochlo-
ride as a chromogen and 0.003% hydrogen peroxide for 5 min. Sections
were mounted on gelatin-coated slides, dehydrated through graded eth-
anols, and coverslipped with Permount.

In situ hybridization. Animals were perfused and brain sections ob-
tained as above. Sections were placed in vials containing 2 x sodium
chloride-sodium citrate (SSC) (1 x SSC is 0.15 M sodium chloride and
0.015 M sodium citrate) and 50 mm dithiothreitol (DTT). Tissues were
prehybridized in 50% formamide, 10% dextran, 2 x SSC, 1 x Denhardt’s
solution, 10 mm DTT, and 0.5 mg/ml sonicated and denatured salmon
sperm DNA. Denatured *S-dCTP-labeled cDNA probe (TH, 400 base
pairs; c-fos, 1.1 kilobases obtained from American Type Culture Col-
lection) was added to the vial (10 x 10¢ cpm per vial) and hybridization
was carried out overnight at 48°C. The sections were washed in serial
dilutions of SSC at 48°C, starting with 2x SSC and ending with 0.1 x
SSC. After a 15 min wash in 0.05 m phosphate buffer, sections were
mounted and dehydrated. For determination of optimum development
time, slides were apposed to Kodak XAR-5 film for 48-72 hr at room
temperature. Slides were subsequently dipped in Kodak NTB-2 emul-
sion and exposed at 4°C for 5-14 d. After developing in Kodak D-19
developer at 16°C, sections were fixed in Kodak Fixer, counterstained
with cresyl violet, dehydrated, and coverslipped.

TH enzyme assay. Animals were killed by decapitation, and the brains
were quickly removed and dissected on ice. Tissue of interest was im-
mediately frozen in liquid nitrogen and stored at —80°C until enzyme
assays were performed. For TH biochemical analysis, the tissue was
homogenized in 10-20 vol of ice-cold 5 mm potassium phosphate buffer,
pH 7.0, containing 0.2% Triton X-100 and clarified by centrifugation
for 15 min at 10,000 x g. The supernatant was assayed by a modification
(Baker, 1990) of the method of Coyle (1972). Activity was expressed as
nanomoles of dopamine formed per 15 min per milligram of protein.
Protein concentrations were determined for each tissue by the Lowry
method (Lowry et al., 1951).

Lesion verification. In order to verify the site of the microknife tran-
section, alternate tissue sections were collected through the lesion site
and processed for either TH immunocytochemistry or Nissl staining.
For time points longer than 2 d tissue sections from the corpus striatum
were also processed for TH immunocytochemistry to demonstrate loss
of nigrostriatal input.

Quantitative analysis. The relative amounts of TH mRNA and protein
in the neuronal populations of interest were measured on slides using
a Zeiss IBAS 20 image analysis system. This system allows for the
measurement of regional optical densities and silver grain counting (see
Weiser et al., 1993, for details). In order to account for changes in either
brain region or neuronal size, area was also measured. The absolute
quantities of mRNA or protein present using in sifu hybridization or
immunohistochemistry cannot be determined with confidence. There-
fore, the results are expressed as the percentage of contralateral control
=+ the standard error of the mean. In preliminary studies, it was deter-
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Figure 1.

TH mRNA as visualized by in situ hybridization in the SNc¢ 7 d after unilateral transection of the MFB. 4, Low-power dark-field

photomicrograph of the SNc¢ demonstrating the reduction in TH mRNA (fewer silver grains) on the lesioned side (right). B and C, High-power
bright-field photomicrographs of 4 clearly demonstrating that the reduction in TH mRNA in the SNc is most likely the consequence of a reduction
in the number of grains per cell. Note that a few neurons on the side ipsilateral to the lesion, for example, arrow in C, possess near control levels
of TH mRNA. Cells indicated by small arrows in A are seen at higher magnification in B and C. IP, interpeduncular nucleus. Scale bar: 225 ym

for A, 45 um for B and C.

mined that the contralateral side is a consistent representation of both
normal and sham-lesioned control animals.

Statistical analysis. Statistical significance between the control and
lesioned sides was determined by an analysis of variance (ANOVA) and
post hoc least significant differences using the STATVIEW statistical anal-
ysis program on an Apple Macintosh computer.

Results

TH enzyme activity

The effect of axotomy on the TH activity in the CS, SN¢, and
LC was determined at 7, 10, 14, 28, and 58 d posttransection
ofthe MFB. Values for the ipsilateral lesioned side are calculated
as a percentage of the side contralateral to the transection, which
is set at 100%. The values at time zero (in nmol/15 min/mg
tissue = SEM; CS, 5.94 + 0.46; SNc, 1.94 + 0.16; LC, 1.97 =
0.09) represent control animals where there was no left-right
difference. TH activity in the CS was significantly and perma-
nently reduced to 14% of control by 7 d (CS, 0.83 + 0.09). In
comparison, the decline in TH activity in the SNc¢ was more
protracted, reaching only 82% of control at 7 d (SN¢, 1.6 =
0.07) and decreasing to its nadir, 32%, at 58 d (SNc, 0.62 =

0.05). In contrast, the decline in TH activity in the LC was not
permanent. TH activity in the LC was reduced to 51% of control
by 14 d (LC, 1.00 + 0.08) but returned to control levels by 28
d (LC, 1.99 = 0.10).

TH in situ hybridization

The effect of axotomy on TH mRNA, as revealed by in situ
hybridization in the SNc is illustrated in Figure 14-C. TH mRNA
in the SNc ipsilateral to the lesion was reduced to 62% after 7
d as compared to the contralateral unlesioned side (Fig. 24).
Although the levels of TH mRNA in most SN¢ neurons appear
decreased, there remained a few neurons with normal levels of
expression. In contrast, a transient increase in TH mRNA ex-
pression was observed in the LC at 72 hr. The complete analysis
of these early events was examined previously (Weiser et al.,
1993). At both 7 and 14 d, the level of TH mRNA in the neurons
of the LC (Fig. 3B-D) was reduced below control levels when
quantitated by regional optical density (31% of control; Fig. 24)
or silver grain counting (30% of control; Fig. 24, inset). Previous
studies demonstrated that the loss of TH activity and immu-




The Journal of Neuroscience, August 1993, 73(8) 3475

A

10
3 140.
180 1 §m
. i.
1601 5,
8 1401 g «
w " 2
—1 *
S 120 o
2 3 ] 3
[
© 100
€
o
©  8o;
o
c
g 60
[
n- 40 <
20 1 *
0 . - Figure 2. A, Time course changes in
0 7 14 21 28 35 42 regional optical density of silver grains
Days produced by in situ hybridization for
TH mRNA in the SNc (solid circles)
180 - and the LC (open circles) after unilateral
transection of the MFB. Inset confirms
that the quantitation of the in situ hy-
1601 bridization by regional optical density
o) is a valid representation of the number
he 1401 of silver grains per neuron in the LC.
9 B, Time course of the changes in den-
© sity of TH immunoreactivity in the SNc
2 1201 (open circles) and the LC (solid circles)
% after unilateral transection of the MFB
= as indicated by regional optical density.
5 1001 In 4, B, and inset, values for the ipsi-
(&) lateral lesioned side are calculated as a
5 80 percentage of the side contralateral to
e the transection, which is set at 100%.
@ The values at time zero (mean OD +
g 601 SEM: SNc mRNA, 0.45 = 0.07; LC
a mRNA, 0.51 = 0.09; mean number of
401 grains per cell + SEM: LC mRNA, 33
+ 1.9; mean OD + SEM: SNc protein,
0.20 £ 0.02; LC protein, 0.35 + 0.05)
201 represent control animals where there
was no left-right difference. Data were
analyzed by ANOVA and post hoc least
0 0 7 14 21 28 35 42 si_gniﬁcan} difference. * indicates sig-
nificant differences between control and
Days experimental animals at P < 0.05.

noreactivity was not the result of a reduction in the number of
L.C neurons (Reis et al., 1978).

At 6 weeks postaxotomy, TH mRNA levels in the SNc¢ had
declined to 15% of control values (Figs. 24, 44-C). In contrast
to the results for the LC, this loss was most likely due to the
reduction in the number of SNc¢ neurons. As in the 1 week
transection, a few remaining neurons still exhibited normal or
high levels of TH mRNA.

TH immunohistochemistry

The effect of axotomy on TH immunoreactivity in the SNc is
illustrated in Figure 64—C. Following a transient increase (see

Weiser et al., 1993, for details), TH immunoreactivity in the
SNc was reduced to 68% of control at 7 d postaxotomy (Fig.
2B). In addition, TH immunoreactivity also was reduced in the
dendrites of the SN¢ neurons located in the SNr (Fig. 5D,E).
This loss of TH immunoreactivity in the dendrites may account
for a significant proportion of the decrease in TH activity ob-
served at 1 week. In the LC, a transient increase in TH im-
munoreactivity occurred between 48 and 72 hr (see Weiser et
al., 1993, for details). In contrast to the SN¢, TH immunoreac-
tivity in the LC is only very slightly reduced at 1 week (not
shown) but approaches 57% of control, its nadir, by 2 weeks
(Figs. 2B, 3A). In comparison, TH immunoreactivity in the
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Figure 3. TH immunoreactivity and in situ hybridization in the LC 14 d after unilateral transection of the MFB. A, Low-power bright-field
photomicrograph of TH immunoreactivity in the LC demonstrating reduced immunostaining (see Fig. 2 for quantitation) on the lesioned side
(right). B, Low-power dark-field photomicrograph of TH mRNA in the LC demonstrating the decrease in the number of silver grains on the
lesioned side (see Fig. 24, inset, for quantitation). Arrows in B indicate regions shown at higher magnification in C and D. V, third ventricle. Scale
bar: 225 um for 4 and B, 90 um for C and D.
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Figure 4. TH mRNA as visualized by in situ hybridization in the SNc 6 weeks after unilateral transection of the MFB. A, Low-power dark-field
photomicrograph of the SNc demonstrating the large reduction in TH mRNA (silver grains) on the lesioned side (right). B and C, High-power
bright-field photomicrographs of 4 clearly demonstrating the reduction in TH mRNA silver grains in the SNc is most likely the consequence of
the loss of TH neurons. Note that a few neurons (e.g., C, arrow) of the lesioned side (C) possess near control levels of TH mRNA. Cells indicated
by small arrows in A are seen at higher magnification in B and C. IP, interpeduncular nucleus. Scale bar: 225 um for 4, 45 pm for B and C.

terminal field in the CS is reduced permanently to below 20%
of control values by 48 hr (Fig. 74).

The effects on TH immunoreactivity in the SNc 6 weeks
postaxotomy are illustrated in Figure 64—-C. TH immunoreac-
tivity is significantly reduced to 28% on the lesion side with
very few TH-positive neurons remaining (Fig. 2B). In compar-
ison to 7 d postaxotomy, there appear to be very few remaining
TH-positive dendrites in the SNr (Fig. 6D,E).

In addition to the intensity of TH staining, the immunoreac-
tive areas of the CS, SNc, and LC were measured and are il-
lustrated in Figure 7, 4 and B. The area of the TH immuno-
reactivity in the CS decreased moderately but permanently to
83% of the contralateral side by 21 d (Fig. 74). In contrast, the
SNc¢ immunoreactive area was decreased to 40% of the contra-
lateral side by this same time point (Fig. 7B). On the other hand,
in the LC, the TH immunoreactive area increased to 112% by
72 hr and returned to control levels by 7 d (Fig. 7B). This small
increase in area may be a reflection of an increase in TH im-
munoreactivity within LC fibers.

Fos immunohistochemistry and in situ hybridization
The early effects following axotomy of the MFB on Fos im-

munoreactivity in the CS are illustrated in Figure 94-D and
Table 1. Beginning at 1 hr, reaching a maximal expression at

90 min and returning to baseline by 3 hr, large cells, putatively
cholinergic interneurons in the CS, exhibited a large induction
of their nuclear expression of Fos immunoreactivity. This robust
induction was most pronounced in the ventrolateral striatum.
Small, putatively GABAergic, neurons in the CS increased
their expression of Fos immunoreactivity beginning at 3 hr and
returning to control levels by 12 hr (Fig. 8£-G, Table 1). The
Fos response was most pronounced in the lateral striatum.

Table 1. Summary of time-dependent Fos expression in the CS and
substantia nigra after transection of the MFB

Region Control 1 hr 1.5hr 3hr 6hr 12hr 24 hr
CS(p)lg 0O 2 3 0 0 0 0
CS@p)s 0O 0 0 3 1 0 0
SNr(m) O 0 2 3 1 0 0
SNr{p) O 0 0 2 3 1 0
STN() 0 0 0 2 3 0 0
SNe(p) O 0 0 0 0 0 0

The values indicate the relative number of cells containing nuclear Fos labeling
in each neuronal population: 0, no Fos immunoreactive labeling; 1, sparse labeling;
2, moderate labeling; 3, extensive labeling. lg, large neurons, s, small neurons; m,
mRNA; p, protein.
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Figure 5. TH immunoreactivity in the SNc 7 d after unilateral transection of the MFB. 4, Low-power bright-field photomicrograph demonstrating
the slight decrease in the intensity of TH staining in the lesioned side (right). B and C, High-power bright-field photomicrographs of the area near
arrows in A. D and E, High-power bright-field photomicrographs of the dendrites of the SNc located in the SNr. Note the patchy staining within
the individual dendrites in E. Asterisks in B and C demarcate area seen at higher power in D and E. IP,interpeduncular nucleus. Scale bar: 225
um for A, 45 um for B and C, and 22 ym for D and E.

Small neurons of the SNr exhibited a robust c-fos mRNA  Table 1). Neurons in the STN also increased their Fos immu-
expression beginning at 90 min and reaching maximal expres-  noreactivity, but their expression did not occur until 3—6 hr
sion at 6 hr (Fig. 94, Table 1). On the other hand, Fos protein postaxotomy and continued up to 12 hr (Fig. 9C, Table 1).
expression began at 3 hr and continued for up to 12 hr (Fig. 98,  Surprisingly, axotomized neurons of the SNc did not at any time
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Figure 6. TH immunoreactivity in the SNc 6 weeks after unilateral transection of the MFB. 4, Low-power bright-field photomicrograph dem-
onstrating the large decrease in the intensity of TH staining on the lesioned SNc (right). B and C, High-power bright-field photomicrographs of the
area near arrows in A. D and E, High-power bright-field photomicrographs of the dendrites of the SNc located in the SNr. Note the loss of TH
staining in the dendrites in E. Asterisks in B and C demarcate area seen at higher power in D and E. IP, interpeduncular nucleus. Scale bar: 225

um for A, 45 um for B and C, 22 ym for D and E.

point examined demonstrate any Fos immunoreactivity or
mRNA. In contrast, recent experiments have demonstrated that
axotomized neurons of the LC show a large and sustained in-
crease in Fos immunoreactivity beginning at 3 hr and remaining
elevated for up to 24 hr (Weiser et al., 1993).

Discussion

Recent reports indicate that the levels of neurotransmitter bio-
synthetic enzyme mRNA and protein may not be correlated
following neuronal injury (Nowak et al., 1990; Weiser et al.,
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Figure 7. A, Time course for the changes in optical density (solid
circles) and area (open circles) of TH immunoreactivity in the CS after
unilateral transection of the MFB. B, Time course for the changes in
area of TH immunoreactivity in the SNc¢ (solid circles) and the LC (open
circles) after unilateral transection of the MFB. In both 4 and B, values
for the ipsilateral lesioned side are calculated as a percentage of the side
contralateral to the transection, which is set at 100%. The values at time
zero (mean CS area, mm?> = SEM, 7.87 + 0.06; mean CS OD, 0.11 +
0.01; mean SNc¢ area, mm? + SEM, 0.292 + 0.02; mean LC area, mm?
+ SEM, 0.114 + 0.012) represent control animals where there was no
left-right difference. Data were analyzed by ANOVA and post hoc least
significant difference. * indicates significant differences between control
and experimental animals at P < 0.05.

1991, 1993). However, the present studies have demonstrated
that the long-term postaxotomy alterations in TH mRNA and
protein in catecholamine neurons are positively correlated. As
expected, the changes in mRNA preceded and exceeded the
changes in enzyme protein and, presumably, activity. In addi-
tion, the nadir in TH mRNA levels in the axotomized SNc¢ and
LC is lower than that for TH activity and protein.

Although for the most part TH mRNA and protein expression
in the SNc and LC correlated with the changes in TH activity,
a higher-resolution examination revealed that a few neurons in
the SNc express near normal levels of TH mRNA as long as 6
weeks postaxotomy. It has been suggested that the delayed man-

ifestation of clinical symptoms in PD may be due to the unique
ability of the surviving SNc dopaminergic neurons to upregulate
their synthesis and release of dopamine (Pasinetti et al., 1989;
Zigmond et al., 1990). Dopaminergic neurons, spared after in-
jection of the slowly acting dopamine neurotoxin 6-OHDA,
increased both their synthesis of and the quantity of dopamine
released in the CS (Zigmond et al., 1990; Calne and Zigmond,
1991). In contrast to the effects of 6-OHDA administration
(Pasinetti et al., 1992), normal TH mRNA levels are observed
in those néurons that appear to survive the axotomy. The dif-
ference between the model systems could be attributed to the
fact that the application of intranigral 6-OHDA would not dam-
age the GABAergic striatonigral input and thus regulation through
this pathway would not be influenced. In the axotomy model,
the complete transection of the MFB should prevent any ter-
minal field regulation of compensatory responses. One also may
hypothesize that the neurons remaining following MFB tran-
section either project to or receive compensatory influences from
other sites. For example, it is known that a small population of
nigral neurons (5-10%) innervate the contralateral striatum (Fass
and Butcher, 1981; Laughlin and Fallon, 1982).

The present experiments also demonstrated that transection
of the MFB produced a differential induction of the immediate-
early gene c-fos in the striatum. The large, putatively cholinergic,
interneurons, thought to direct translation of nigrostriatal do-
paminergic transmission to motor patterns (Lloyd, 1978), re-
spond most rapidly. These large D,-containing cholinergic in-
terneurons receive direct synaptic input from dopaminergic SNc
axons (Scatton et al., 1982; Kubota et al., 1987b). The induction
of Fos in these large cells was most pronounced in the ventro-
lateral portion of the striatum. A similar gradient was seen both
in the high-affinity dopamine uptake system demonstrated in
the normal non-dopamine-depleted animal (Marshall et al., 1990)
and in the levels of expression of D, receptors following 6-OHDA
(Joyce, 1991). Interestingly, Graybiel and coworkers conclude
from double labeling experiments that direct or indirect dopa-
mine agonists do not induce c-fos-like proteins in the cholinergic
interneurons of the striatum (Graybiel, 1991; Berretta et al.,
1992). The expression of c-fos in the CS cholinergic neurons
following MFB transection may be related more to the conse-
quences of the transection on the levels of CS dopamine than
to the ability to activate specific dopamine receptor subtypes
pharmacologically (see below).

The appearance of Fos in the large neurons of the CS at 1 hr
was followed at 3 hr by expression in the small, putatively
GABAergic, neurons. Dopaminergic axons originating in the
SNc also make direct synaptic connections with the medium-
sized D, - and D,-containing GABAergic neurons in the striatum
(Kubota et al., 1987a). Directly acting D, but not D, receptor
agonists have been shown to induce the expression of c-fos in
the dopamine-depleted striatum. This activation only occurs in
the medium-sized D, GABAergic neurons that project directly
back to the substantia nigra (Robertson et al., 1990). While D,
receptor agonists are unable to activate c-fos (G. S. Robertson
et al., 1989), recent experiments demonstrate that haloperidol,
a D, receptor antagonist, rapidly and transiently induces c-fos
mRNA in the striatum (Miller, 1990). Infusion of D, receptor
agonists directly into the non-dopamine-depleted striatum has
no effect on c-fos expression. Putatively, supersensitive dopa-
mine receptors, as a result of dopamine depletion, are required
for directly acting striatal c-fos induction (G. S. Robertson et
al., 1989). On the other hand, experiments from this same group
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Figure 8. Fos immunoreactivity in the CS 1-3 hr after unilateral transection of the MFB. 4, High-power bright-field photomicrograph of cells,
putatively cholinergic, shown at low power in B (arrow) demonstrating the basal levels of Fos staining in the CS contralateral to the lesion. D,
High-power bright-field photomicrograph of the cells illustrated at low power in C (arrow) demonstrating the robust nuclear induction of Fos
protein on the side ipsilateral to the lesion 1 hr after transection of the MFB. E, Bright-field photomicrograph of Fos immunoreactivity in small,
putatively GABAergic, cells of the CS contralateral to the lesion 3 hr after transection of the MFB. F, Low-power bright-field photomicrograph of
Fos immunoreactivity in the ipsilateral CS 3 hr after transection of the MFB. G, High-power photomicrograph of the cells demarcated by the arrow

in F. Scale bar: 22 um for A, D,, and G; 90 um for B, C, E, and F.

have demonstrated that the indirectly acting dopamine agonists,
such as cocaine and d-amphetamine, are able to induce c-fos
expression in an intact non-dopamine-depleted striatum as well
as in a dopamine-depleted striatum (H. A. Robertson et al.,
1989).

The time course of ¢c-fos induction in GABAergic neurons of
the CS following indirect agonists is similar to that observed in
our transection model. It takes more than 2 hr for an intraper-
itoneal injection of cocaine or d-amphetamine to induce Fos
expression in the intact striatum (Graybiel et al., 1990), while
the response to directly acting dopamine agonists occurs as
quickly as 30 min postinjection (H. A. Robertson et al., 1989).
Dopamine receptor antagonists, such as haloperidol, that act on
D, dopamine receptors present on cholinergic neurons, GA-
BAergic/enkephalin neurons and presynaptic dopaminergic au-
toreceptors (Joyce and Marshall, 1987; Dawson et al., 1988)
also activate c-fos expression in the medium-sized (GABAergic)
neurons of the striatum (Dragunow et al., 1990). These authors
suggest that it is unlikely that increased dopamine release fol-
lowing blockade of the dopamine autoreceptor is the cause of
this c-fos induction because D, antagonists did not prevent the

D, antagonist-induced activation of c-fos (Dragunow et al., 1990).
Furthermore, they suggest that there may be a tonic D,-medi-
ated inhibition of c-fos expression in the striatum that is re-
moved by the D, antagonist.

The mechanism for the differential expression of c-fos in the
CS following MFB transection is perplexing. The acute effect of
MPFB transection on the release of dopamine in the CS is not
known; however, the postsynaptic consequences may not be to
the sudden withdrawal of dopamine. In fact, MFB transection
may produce a burst of release of dopamine, followed by its
abrupt withdrawal. Also, 6-OHDA lesions of the MFB produce
an increased compensatory release of dopamine in the CS (Zhang
et al., 1988). One hypothesis is that the burst of release of do-
pamine may be responsible for the induction of Fos in the
GABAergic neurons and that this effect is mediated through the
D, receptors. Fos induction in the cholinergic neurons is either
the result of the sudden withdrawal of dopamine or a relatively
faster acting and more transient D, receptor-mediated response.

The data from the present experiments suggest that a specific
temporal dopaminergic receptor activation is necessary to in-
duce c-fos in the cholinergic neurons of the CS. The compen-
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Fos immunohistochemistry and in situ hybridization in the SNr and the STN 6 hr after unilateral transection of the MFB. A, Dark-

field photomicrograph of the robust induction of c-fos mRNA exhibited in the SNr ipsilateral to the lesion. B, Bright-field photomicrograph of the
adjacent section to A illustrating Fos immunoreactivity in the SNr. C, Bright-ficld photomicrograph demonstrating the large increase in Fos
immunoreactivity in the STN ipsilateral to the lesion. IP, interpeduncular nucleus. Scale bar: 225 uym for A-C.

satory changes effected by 6-OHDA lesions may prevent the
“cholinergic” c-fos activation since it has been shown that
6-OHDA is capable of altering the expression of D, and D,
receptor genes (Gerfen et al.,, 1990). Furthermore, both these
experiments and those of other groups do not take into account
the presence of other types of dopamine receptors reported in
the striatum (Civelli, 1991).

Graybiel and colleagues also have shown that c-fos—positive
neurons in the dopamine-depleted CS following acute cocaine

and amphetamine treatment contain DARPP-32, a marker of
the D, receptor, and that there is no c-fos response detectable
in the GABA/enkephalin-containing neurons (Graybiel, 1991;
Berretta et al., 1992). The GABA/enkephalin-containing neu-
rons project through an interneuron in the GP to the STN form-
ing one branch of the subthalamic loop (Gerfen, 1992). This
loop is thought to be critical in the control of the basal ganglia
outflow, and its overactivation may underlie some of the motor
deficits in PD (Bergman et al., 1990; Graybiel, 1991). MFB




transection at the level of the posterolateral hypothalamus deaf-
ferents SNr-projecting glutamatergic neurons in the STN. As-
suming that the MFB lesion transects the GABAergic neurons
in the GP that project to the STN, then it is plausible to speculate
that the removal of this negative influence may be correlated
with the hyperactivity and Fos induction in the STN through
disinhibition. The present results also demonstrate that the tran-
section of the GABAergic striatonigral pathway induces c-fos in
the neurons of the SNr. One hypothesis is that the effect of
dopamine at the D, receptor on GABAergic/enkephalin-con-
taining neurons is inhibitory. Then, dopamine depletion, through
either MFB transection, 6-OHDA, or perhaps in PD, would
increase the GABA released from these neurons. Increased CS
GABA release would inhibit GP projecting neurons to the STN,
thus exciting STN neurons through disinhibition.

These results also suggest that the ability of a neuronal pop-
ulation to induce the c-fos gene may be related to that neuron’s
eventual fate. Interestingly, in some neuronal populations such
as in the SNc there is no constitutive level of c-fos expression.
Upon axotomy TH-containing neurons in the SNc never express
either Fos immunoreactivity or c-fos mRNA and eventually
die. TH-containing neurons in the LC upon axotomy possess a
robust c-fos induction and do not die. The ability of the LC
neurons to survive axotomy may be related to the presence of
uninjured sustaining collaterals or the distance of the axotomy
from the cell body (Reis and Ross, 1973; Ross et al., 1975; Reis
et al., 1978).

It is of interest to note that not all GABAergic neurons in the
SNr express a robust Fos response upon deafferentation. The
data from our experiments suggest that the neurons that express
higher levels of c-fos may be the ones that survive the injury.
Recent studies have suggested the importance of feedforward
neuronal degeneration that may be produced as a result of deaf-
ferenting lesions in reciprocally connected pathways such as the
nigrostriatal system (Saji and Reis, 1987; Pasinetti et al., 1991).
The delayed transneuronal cell death in the SNr, similar to that
observed in the SN, is protracted, taking up to 21 d to have
its maximal effect (Saji and Reis, 1987).

Collectively, these data indicate that in contrast to previous
reports on the disassociation of mRNA and protein following
neuronal injury, (Nowak et al., 1990; Weiser et al., 1991, 1993)
the longer-term alterations in the levels of expression of the TH
gene products following axotomy of catecholamine neurons are
correlated with TH activity. As expected the changes in the
amounts of TH mRNA exceeded changes in TH activity. These
data also suggest that expression of the immediate-early gene
c-fos in a neuronal population may be correlated with cell sur-
vival following either axotomy or deafferentation. Whether Fos
induction following injury is either a necessary mechanism of
cell survival or merely a marker of increased neuronal activity
requires further investigation.
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