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Abstract 

The long term effects of specific noradrenergic denervation of rat cerebral cortex were considered 
in parallel studies of in vitro noradrenergic receptor binding and isoproterenol-induced adenosine 3’: 
5’-monophosphate (cyclic AMP) generation and of in vivo oxidative metabolism. Noradrenergic 
denervation was achieved by the local, unilateral injection of 6-hydroxydopamine into the locus 
ceruleus. Cerebral noradrenaline remained depleted throughout the B-week duration of the study. 
Ligand-binding assays showed increased P-adrenergic receptors 2 weeks after locus ceruleus lesion 
with recovery occurring by 4 weeks. There were no changes in a,-adrenergic receptors. Isoproterenol- 
induced cyclic AMP generation increased at 2 weeks after lesion but recovered at 8 weeks. Dual 
wavelength reflection spectrophotometric measurements of cytochrome oxidase reduction/oxidation 
and local blood volume shifts, provoked in situ by direct cortical stimulation, also demonstrated 
abnormalities at 2 weeks with recovery by 4 weeks after lesion. Thus, in vivo and in vitro changes 
after locus ceruleus lesion are reversible and the time course of these changes is related temporally. 
These data suggest that cerebral cortex has adaptive capabilities which are activated to compensate 
for prolonged noradrenaline depletion. We also speculate that there may be a causal relationship 
between the in vitro and in vivo parameters studied. 

Changes in organ systems caused by interruption of 
their neuronal input have attracted attention for at least 
a century (Cannon and Rosenblueth, 1949). Most studies 
have concerned the autonomic nervous system or dener- 
vation effects on skeletal muscles. These studies gave 
rise to the concept that an organ deprived of neural input 
becomes more sensitive to the absent neurotransmitter- 
the phenomenon of denervation supersensitivity. Mech- 
anisms underlying denervation supersensitivity have 
been proposed for peripheral cholinergic and adrenergic 
systems. Cholinergic denervation supersensitivity has 
been associated with an increase in the number of post- 
synaptic receptors (Miledi and Potter, 1971; Berg et al., 
1972), while adrenergic denervation supersensitivity in- 
volves decreased presynaptic inactivation of noradrena- 
line (NA) (Trendelenburg, 1966) as well as a postsynaptic 
increase in the number of receptor sites (Pointon and 
Banerjee, 1979). 

In the central nervous system, the complexity of inter- 
actions among many neurotransmitters has made inves- 
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tigations of denervation effects more difficult. Neverthe- 
less, decreased noradrenergic activity resulted in in- 
creased isoproterenol-induced adenosine 3’:5’-monophos- 
phate (cyclic AMP) generation (Palmer et al., 1973; Dis- 
mukes et al., 1975, 1976; Sporn et al., 1977; Skolnick et 
al., 1978; Dolphin et al., 1979) and an increased number 
of /3-adrenergic receptor sites in the cerebral cortex 
(Sporn et al., 1977; Jonsson and Hallman, 1978; Skolnick 
et al., 1978; Dolphin et al., 1979; Sharma et al., 1979, 
1981). A complication in interpreting the results of most 
of these studies is that depletion of cerebral NA was 
produced by nonspecific means, such as by the systemic 
administration of reserpine or by intraventricular 6-hy- 
droxydopamine (6-OHDA). Also, the long term effects of 
denervation and the possibility of recovery were not well 
documented. 

In this report, we consider the acute and chronic effects 
of specific interruption of the noradrenergic innervation 
of rat cerebral cortex on three parameters previously 
shown to be affected by such denervation: (1) adrenergic 
receptor binding to particulate fractions of the cerebral 
cortex, (2) isoproterenol-induced increase in adenylate 
cyclase activity in cortical slices, and (3) oxidative met- 
abolic activity of the cerebral cortex studied in situ in 
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response to electrical stimulation. The noradrenergic in- 
put to the cerebral cortex was interrupted by selective 
chemical lesion of the nucleus locus ceruleus (LC) by 
local microinjection of 6-OHDA. This work follows from 
previous studies which demonstrated that changes in 
each of the three parameters occur 2 weeks following 
such LC lesion (Harik et al., 1979a; LaManna et al., 1981; 
Sharma et al., 1981). We show here that these changes 
are transient despite the persistence of cerebral NA 
depletion. We conclude that compensatory capabilities 
are present in the cerebral cortex and result in adaptation 
to the chronic loss of NA. 

A preliminary communication of these data has been 
presented (Harik et al., 1979b). 

Materials and Methods 

Animals. Adult male Wistar rats, weighing 175 to 250 
gm at the time of LC lesion, were used in all experiments. 
Rats were housed (four per cage) under diurnal light 
conditions with unlimited access to food and water. They 
were allowed a minimum of 5 days of acclimation before 
LC lesions or sham operations were undertaken. 

LC lesion. The LC was lesioned by the local stereotaxic 
microinjection of 6 pg of 6-OHDA dissolved in 3 ~1 of 
0.9% NaCl solution containing 1 mg/ml of ascorbic acid 
and adjusted to pH 5.5. Details of the lesion procedure 
have been reported previously (LaManna et al., 1981; 
Sharma et al., 1981). The LC lesions were made unilat- 
erally with equal distribution between left and right sides. 
Control animals were sham operated, but there was no 
infusion into the LC. In preliminary experiments, the 
infusion of vehicle solution (ascorbic acid in 0.9% NaCl) 
into the LC did not result in significant alterations of 
cerebral NA content. 

After LC lesion, rats were returned to their cages for 
periods of 1 to 8 weeks before further experimentation. 
Separate groups of rats were used to test the effect of 
cortical NA depletion on each of the three specific param- 
eters considered in the introduction. In all rats, tissue 
samples (about 25 mg) were obtained from each parietal 
cortex at the end of each experiment. The samples were 
frozen immediately in liquid nitrogen and stored at 
-40°C until assayed for NA content. Except for rats used 
1 week after LC lesions, the efficacy of the LC lesion was 
assessed by the degree of NA depletion that it produced 
in the ipsilateral cerebral cortex. LC lesions were consid- 
ered successful when NA was depleted by a minimum of 
70% in comparison to the NA content of the contralateral 
cerebral cortex. Mean NA depletion was more than 90% 
(Fig. 1). This criterion could not be applied to assess 
lesion success in rats killed 1 week after 6-OHDA injec- 
tion since our data showed that cortical NA depletion is 
incomplete after this short interval (Fig. 1). However, 
because of the high “success” rate of LC lesions (80 to 
90% when NA was assayed 2 weeks or longer after 6- 
OHDA injection), it was assumed that all rats used in 
experiments 1 week after LC lesion were lesioned suc- 
cessfully. 

Only data obtained from successfully lesioned and 
control rats were used in subsequent analyses. Data from 
NA-depleted ipsilateral cerebral hemispheres were com- 
pared to that from contralateral hemispheres and from 
controls. 

Adrenergic receptor binding. At intervals of 1 to 8 
weeks after unilateral LC lesion or sham operation, rats 
were killed by decapitation and the cerebral cortical 
mantles were quickly dissected bilaterally. A small sam- 
ple was taken from each parietal cortex for NA analysis 
and the rest of the cerebral cortex was used for receptor 
binding assays. 

al- and /3-adrenergic receptor binding were assayed in 
individual cortical samples by methods previously de- 
scribed (Sharma et al., 1981). [3H]WB-4101 (25.4 Ci/ 
mmol) and [3H]dihydroalprenolo1 (DHA) (49 Ci/mmol) 
were used as ligands since they have been shown to 
identify (Y]- and /3-adrenergic receptor sites in rat brain 
(Bylund and Snyder, 1976; Greenberg et al., 1976; 
U’Prichard et al., 1977). In brief, the tissues were thawed 
on ice and homogenized in 20 vol of 0.05 M Tris 
(tris(hydroxymethyl)aminomethane) buffer, pH 7.4, in a 
Brinkmann Polytron and centrifuged at 49,000 X g for 15 
min. All procedures were carried out at 0 to 4°C unless 
stated otherwise. The pellet was washed twice and then 
suspended in 100 vol of the Tris buffer. The volume of 
the binding assay was 1 ml, including about 1 mg of tissue 
protein which was incubated with the appropriate triti- 
ated ligand for 20 min at 25°C. Only one concentration 
of the ligand was used in these experiments (2.5 nM for 
WB-4101 and 1.0 nM for DHA). This was because the 
amount of tissue from each hemisphere was insufficient 
for kinetic analysis of binding. Also, Scatchard kinetic 
analyses for the affinity of binding and the maximal 
number of binding sites for WB-4101 and DHA have 
been reported in NA-depleted cortical tissue pooled from 
rats 2 weeks after LC lesion (Sharma et al., 1981). At the 
end of the incubation, the reaction mixture was filtered 
under reduced pressure through glass fiber filters and 
rinsed four times with 4-ml volumes of ice cold Tris 
buffer. The filters were dried and their tritium content 
was assayed in a liquid scintillation spectrometer at 
approximately 30% efficiency. 

Corrections were made for nonspecific binding deter- 
mined by measuring tritiated ligand binding in parallel 
incubations that contained excess NA (0.1 mM). Specific 
binding, defined as the difference between total and 
nonspecific binding, was about 70% of the total binding. 
AU assays were done in triplicate with less than 5% 
interassay variation. The results were expressed in fem- 
tomoles of ligand bound per mg of tissue protein. Protein 
was assayed by the method of Lowry et al. (1951). 

Isoproterenol-induced cyclic AMP generation. Two 
and 8 weeks after unilateral LC lesions or sham operation, 
rats were killed by decapitation, the brains were dissected 
quickly, and the meninges were removed carefully. Sam- 
ples were taken from each parietal cortex for NA deter- 
mination to ascertain the efficacy of the LC lesion. Cor- 
tical slices of l-mm thickness were immersed in ice cold 
Krebs-Ringer buffer (NaCl, 124 mM; KCl, 4.7 InM; 

MgS04, 1.2 mM; NaHC03, 24.8 mM; NaH2P04, 1 ITIM; 

CaC12, 0.75 mM; glucose, 6.5 mM; freshly prepared and 
gassed with a mixture of 95% O2 and 5% CO*, pH 7.4) and 
then diced with a McIlwain tissue chopper to yield 
minces of 1 X 0.4 X 0.4 mm. Minces from each hemisphere 
were suspended in 20 ml of oxygenated Krebs-Ringer 
buffer and incubated in a shaking water bath at 37°C 
under an atmosphere of 95% 02 and 5% COZ. After 1 hr, 
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the buffer was discarded by aspiration and portions of 
the minces (about 1 mg of tissue protein) were re-incu- 
bated under the same conditions in 5 ml of modified 
Krebs-Ringer buffer (containing 1 mM 3-isobutyl-l- 
methyl xanthine) in the presence or absence of 0.1 mM I- 

isoproterenol. After 15 min of incubation at 37°C the 
reaction was stopped by immediate cooling in an ice 
bath. The buffer was aspirated and the minces were 
homogenized in 3% perchloric acid. Cyclic AMP content 
of the minces was assayed in aliquots of the supernatant 
in duplicate, utilizing the protein-binding assay of Gilman 
(1970) as provided commercially by Diagnostic Products 
Corp. The perchloric acid precipitate was solubilized in 
1 N NaOH and assayed for its protein content (Lowry et 
al., 1951). Four tissue samples obtained from each hemi- 
sphere were assayed for cyclic AMP generation, two 
under basal’conditions and two after addition of 0.1 IIIM 

isoproterenol. Cyclic AMP generation was expressed as 
picomoles per mg of protein per 15 min. 

Cerebral oxidative metabolism in situ. A third group 
of rats was prepared for oxidative metabolic studies 1 to 
8 weeks after unilateral LC lesion. Details of the surgical 
and recording procedures have been described (Harik et 
al., 1979a; LaManna et al., 1981). Rats were anesthetized 
with pentobarbital(50 mg/kg, i.p.) and the femoral artery 
and vein were cannulated for monitoring arterial blood 
pressure, sampling arterial blood gases, and intravenous 
infusion of supplemental pentobarbital to maintain light 
anesthesia. Tracheostomy was performed, and the rats 
were paralyzed with curare and ventilated with a mixture 
of 30% O2 and 70% N2 with a positive pressure respirator. 
Tidal volume and respiratory rate were adjusted to main- 
tain blood gas values within the normal range (Pa02 > 
110 mm Hg, pH -7.4, and PaC02 = 35 to 40 mm Hg). 
Body temperature was maintained at 37°C by a heating 
pad. An 8 x 5 mm craniotomy was fashioned in the 
frontoparietal region bilaterally with a dental burr. The 
dura was left intact. The optical equipment was focused 
on either the left or right side, alternating from experi- 
ment to experiment. A forked stimulating electrode (tips 
0.1 mm in diameter, 0.5 mm apart) was placed about 1 
mm from a Ag-AgClz recording electrode near the center 
of the optical fields. The recording electrode monitored 
both electrocorticogram and DC-coupled surface electri- 
cal potential (cortical steady potential) with reference to 
neck musculature. 

Changes in reduction/oxidation (redox) states of cy- 
tochrome c oxidase (cytochrome aa,) signaled the activ- 
ity of the oxidative metabolic system. These changes 
were monitored by dual wavelength reflection spectro- 
photometry (Jobsis et al., 1977). The procedure is based 
on the fact that cytochrome aa absorbs light at 605 nm 
more strongly when reduced than when it is oxidized. 
Light at 605 nm, and at a “reference” wavelength 
equibestic to hemoglobin volume and oxygenation shifts 
(590 nm), was supplied to the cortical surface from indi- 
vidual monochromators. Light reflected from the surface 
was collected by a microscope objective and detected 
with a photomultiplier tube. The signals, representing 
the intensity of light reflected at the reference wave- 
length and the difference between the intensity of light 
at the sample and reference wavelengths, were displayed 
on a strip chart recorder. The first of these signals 

compensated for and provided a useful indicator of blood 
volume shifts. The difference signal (605 to 590 nm) 
represented redox shifts of cytochrome aa3. These signals 
were expressed as a percentage of the full scale with 
limits set between 0, indicating total darkness, and loo%, 
indicating the intensity of the reference illumination. 
Sample light then was adjusted to be equal to the refer- 
ence intensity. 

The cortex was stimulated by electrical pulses applied 
directly to the exposed dura. The protocol was to apply 
pulses of 0.5 msec duration at 20 Hz for 2 set with 
increasing stimulus intensity, beginning at 8 V, until a 
negative shift of the cortical steady potential was ob- 
served. Stimulus intensity then was increased to get a 
range of response amplitudes but with caution to keep 
stimulus intensity below threshold for provoking spread- 
ing cortical depression. Next, this procedure was repeated 
on the other side of the brain. With few exceptions, 
cortical stimulation of this type did not result in a change 
in blood pressure or pulse rate. When such cardiovascular 
effects were observed, the data were discarded. 

At the end of each experiment, the rats were killed by 
decapitation and cortical tissue samples were obtained 
for NA assay. 

Noradrenaline assay. Tissue samples were weighed in 
the frozen state and homogenized in 50 vol of ice cold 0.1 
N perchloric acid. Portions of the supernatant were as- 
sayed in duplicate for NA by the enzymatic-isotopic 
method of Henry et al. (1975). 

Data analysis. Tissue concentrations of NA, results of 
receptor binding assays, and cyclic AMP generation stud- 
ies obtained from cerebral cortices ipsilateral to the LC 
lesion were compared to results obtained from contralat- 
era1 cortices using the Student’s t test (two tailed). Sim- 
ilar comparisons were made between results obtained 
from either hemisphere of unilaterally lesioned rats and 
those of controls. Significance was accepted at p < 0.05. 

The oxidative metabolic transients, recorded on strip 
chart records, were digitized with a data tablet and 
processed with a Tektronix 4051 graphic system. Com- 
pensation for base line drift was provided by normalizing 
each response to a line derived by linear regression of 
pre- and post-response data points. The peak amplitude 
of the transient metabolic response from this base line 
was termed the P&,. The time from the stimulus onset 
to this peak and the time from the peak to the point 
midway between peak and base line levels were called 
Tcmax and TW ,,u, respectively. The ratio of the peak 
blood volume change to the peak cytochrome oxidase 
change was termed the BV/Cyt ratio. The means for 
these measurements derived from responses from 6 to 12 
stimuli applied to each hemisphere were computed. The 
descriptive parameters from each hemisphere ipsilateral 
to the successful LC lesion were expressed as a percent- 
age of those from the corresponding contralateral hemi- 
sphere. The means and standard errors of these percent- 
age changes were derived and compared using a two- 
tailed, non-paired t test. Significance was accepted at p 
< 0.05. 

Results 

NA depletion following LC lesion. We previously dem- 
onstrated that the local infusion of 6-OHDA into the LC 
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I A 
results in a minimum of 70% depletion of NA in approx- 
imately 80 to 90% of the rats after 2 weeks. This decline 
was apparent in comparisons between ipsilateral NA- 
depleted hemispheres and contralateral hemispheres of 
unilaterally lesioned rats as well as between ipsilateral 
hemispheres of lesioned rats and those from controls 
(Harik et al., 1979a; Sharma et al., 1979, 1981; LaManna 
et al., 1981). In this study also, 70% depletion of NA in 
the ipsilateral cerebral cortex was considered to be the 
minimum requirement for success of the LC lesion except 
in rats studied 1 week after lesion (see “Materials and 
Methods”). 

Figure 1 shows the effect of unilateral LC lesion upon 
NA content of ipsilateral and contralateral cerebral hem- 
ispheres when compared to non-lesioned, litter-mate con- 
trol rats. In contrast to rapid NA depletion (50% in 1 day) 
by intraventricular 6-OHDA (Sporn et al., 1977), selective 
LC lesion produced 50% NA depletion in 1 week. How- 
ever, since data at 1 week may have included some 
unsuccessful lesions, a slightly greater NA decline is 
possible than is shown in the figure. LC lesion produced 
maximum NA depletion of about 90% in 2 to 4 weeks and 
this depletion was maintained throughout the &week 
period of this study (Fig. 1). The remaining NA content 
of the ipsilateral cerebral cortex (about 10%) probably 
represents noradrenergic innervation from sources other 
than the LC since bilateral LC lesion failed to produce 
complete depletion of cortical NA (Sharma et al., 1981). 
Hemispheres contralateral to LC lesion were not altered 
significantly in terms of NA content when compared to 
controls although there is a tendency for increased NA 
levels at 4 weeks after LC lesion. The data in Figure IA 
were obtained from animals used in the receptor binding 
studies, while the data in Figure 1B were obtained from 
rats used in studies of cerebral oxidative metabolism. 
Despite the different conditions prior to tissue retrieval 
in these two studies and the fact that the studies were 
carried out at different times, the effects of LC lesion on 
cortical NA are very similar. 

Adrenergic receptor binding changes following LC 
lesions. Since postsynaptic receptor regulation is me- 
diated primarily by the availability of transmitter sub- 
stances at receptor sites, it was important to investigate 
changes in cortical noradrenergic receptors induced by 
LC lesion. Unilateral LC lesions did not result in any 
significant changes in the binding of [3H]WB-4101 to al- 
adrenergic receptors throughout the &week period of 
this study (Fig. 2). 

In contrast, there was a definite increase in the binding 
of [3H]DHA to P-adrenergic receptors in the NA-de- 
pleted cortex (Fig. 3). Differences in the binding of 
[3H]DHA were not significantly different at 1 week after 
the lesion, at a time when NA was not depleted maxi- 
mally in the ipsilateral hemisphere, but a maximal in- 
crease in binding of about 70% occurred at 2 weeks 
following LC lesion (p < 0.001). This increase in [3H]- 
DHA binding was transient and no significant differences 
were apparent between ipsilateral and contralateral hem- 
ispheres 4,5, and 8 weeks after LC lesion at a time when 
cerebral NA ipsilateral to the LC lesion continued to be 
depleted. 

WEEKS AFTER LC LESION 

150 
B 

01 
0 2 4 6 6 

WEEKS AFTER LC LESION 

Figure 1. Effect of unilateral LC lesion on tissue NA levels 
in ipsilateral (circles) and contralateral (squares) cerebral hem- 
ispheres. Results obtained from rats used for receptor binding 
assays (A) and from rats used for studies of cerebral oxidative 
metabolism (B) are compared. Data points denote mean NA 
content (&SEM) of 6 to 10 rats in each group. The data are 
expressed as the percentage of the mean of 6 to 10 littermate 
control rats killed at the same time as the unilateral LC-lesioned 
animals. The mean NA content of control cortices varied from 
group to group with a gross average of approximately 300 ng of 
NA/gm, wet weight, of tissue. Results obtained from rats sac- 
rificed 2 to 8 weeks after LC lesion included only successful 
lesions (greater than 70% NA depletion). Results from all rats 
sacrificed 1 week after LC lesion are included in the data 
analysis on the assumption that they were all successfully 
lesioned. NA levels of contralateral hemispheres were not sig- 
nificantly different from control, while those of ipsilateral hem- 
ispheres were significantly different at p < 0~001 (stars). 

Changes in isoproterenol-induced cyclic AMP gener- 
ation following LC lesion. Since isoproterenol-induced 
cyclic AMP formation is related to /3-adrenergic receptor 
activity (Sporn et al., 1977; Skolnick et al., 1978; Dolphin 
et al., 1979), we studied the effect of NA depletion on the 
isoproterenol-induced cyclic AMP-generating system in 
brain minces obtained from the two hemispheres of uni- 
lateral LC-lesioned rats at 2 and 8 weeks following lesion. 
These results (Fig. 4) demonstrate the expected increased 
ability of isoproterenol to generate cyclic AMP in the 
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Figure 2. Effect of unilateral LC lesion on the specific bind- 
ing of [3H]WB-4101 to particulate fractions of cerebral hemi- 
spheres. Data points represent the means (+SEM) of ipsilateral 
hemispheres of 6 to 10 rats in each group expressed as a 
percentage of the specific binding of contralateral hemispheres. 
The specific binding of control hemispheres was about 100 
fmol/mg of protein. No significant differences were observed 
between hemispheres in animals sacrificed 1 to 8 weeks after 
LC lesion. 

200 , 
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0 2 4 6 8 

WEEKS AFTER LC LESION 

Figure 3. Effect of unilateral LC lesion on the specific bind- 
ing of [“HIDHA to particulate fractions of cerebral hemispheres. 
Data points represent the means (+SEM) of ipsilateral hemi- 
spheres of 6 to 10 rata in each group expressed as a percentage 
of the specific binding of contralateral hemispheres. The specific 
binding of control hemispheres was around 60 fmol/mg of 
protein. Differences between the two hemispheres were signifi- 
cant only at 2 weeks after LC lesion (p < 0.001; star). 

NA-depleted hemisphere at 2 weeks ( p < 0.01). However, 
no significant differences between ipsilateral and contra- 
lateral hemispheres were apparent at 8 weeks. The ability 
of the minces to generate cyclic AMP under basal con- 
ditions was similar in both hemispheres at 2 and 8 weeks. 
Also, there were no differences in cyclic AMP generation 
between hemispheres contralateral to LC lesion and 
those of controls under both basal and isoproterenol- 
stimulated conditions. 

Changes in oxidative metabolism following LC lesion. 
The rates of oxidation and subsequent re-reduction of 

basal isoproterenol 
stimulated 

basal isoproterenol 
stimulated 

2 WEEKS 8 WEEKS 
Figure 4. Effect of unilateral LC lesion on cyclic AMP gen- 

eration in cerebral cortical minces under basal conditions and 
isonroterenol (0.1 mM) stimulation 2 and 8 weeks after lesion. 
Data from hemispheres contralateral to the lesion (solid bars) 
were compared to those from ipsilateral hemispheres (hatched 
bars). Each bar represents the mean (-+SEM) of results ob- 
tained from five rats in the e-week experiment and nine rats in 
the g-week experiment. The NA content of contralateral and 
ipsilateral hemispheres were 222 f 23 ng/gm and 21+ 3 ng/gm 
(mean f  SEM) 2 weeks after lesion and 293 rt 24 ng/gm and 39 
+ 8 ng/gm 8 weeks after lesion. No significant differences 
between the two hemispheres were detected under basal con- 
ditions at 2 or 8 weeks after lesion. With isoproterenol stimu- 
lation, there was a sign&ant difference at 2 weeks (p < 0.01; 
star) but not at 8 weeks. 

cytochrome oxidase following direct cortical stimulation 
were slowed and the concomitant blood volume incre- 
ment was attenuated in the NA-depleted hemisphere 2 
weeks after LC lesion (Harik et al., 1979a; LaManna et 
al., 1981). To document the development and persistence 
of these effects, rats were tested 1 to 8 weeks after 
unilateral LC lesion. Traces representative of stimulus- 
evoked responses in rats at 2 and 8 weeks following LC 
lesion are shown in Figure 5. Slowed re-reduction of 
cytochrome oxidase and attenuated blood volume re- 
sponses seen at 2 weeks (upper traces) were not observed 
at 8 weeks (lower traces). Figure 5 also shows a repre- 
sentative response to stimulation of cytochrome oxidase 
and the terms used.for quantitation in Figures 6 to 8. 

The oxidation rate of cytochrome oxidase following 
stimulation is compared at several times following LC 
lesion in Figure 6. Two weeks after lesion, the time to 
peak oxidation was increased significantly on the lesioned 
side (p < 0.05). There were no differences between 
hemispheres at 1,4, and 8 weeks after lesion. 

Figure 7 shows the effects of NA depletion on the rate 
of re-reduction of cytochrome oxidase after stimulation. 
The rate of recovery on the lesion side was slowed by 
more than 50% only at 2 weeks after LC lesion ( p < 0.05). 
The slowed recovery on the lesioned side was not appar- 
ent at 1,4, and 8 weeks after lesion. 

Figure 8 shows that the ratio of the increase in blood 
volume and the amplitude of oxidation of cytochrome 
aa3 (BV/Cyt) was decreased significantly on the lesion 
side 2 weeks following LC lesion (p < 0.05). This ratio 
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Figure 5. Optical responses to direct cortical stimulation from hemispheres ipsi- 
lateral (solid lines) and contralateral (dashed lines) to unilateral LC lesion. Upper 
traces represent responses recorded 2 weeks after lesion (NA = 36 ng/gm on 
ipsilateral (left) hemisphere and 324 ng/gm on the contralateral hemisphere). Lower 
truces represent responses recorded 8 weeks after LC lesion (NA = 60 ng/gm on the 
ipsilateral (left) hemisphere and 295 ng/gm on the contralateral hemisphere). Also 
shown is a typical cytochrome response with the amplitude and kinetic parameters 
defined. The abbreviations used are: BL VOL, blood volume; CYT a,a3, cytochrome 
aa3; STIM, stimulation; F.S., full scale. 

was not altered 1 week after lesion and returned to 
control values at 4 and 8 weeks after lesion. 

Discussion 

These investigations demonstrate that changes in in 
vivo oxidative metabolic activity and in vitro receptor 
binding and cyclic AMP generation, apparent in cerebral 
cortices 2 weeks after LC lesion, are reversible, and the 
appearance and disappearance of these abnormalities are 
related temporally. Such recovery occurred despite the 
continued depletion of cerebral NA. These data strongly 
suggest that compensatory mechanisms of the brain are 
capable of meeting the challenge posed by LC lesion and 
lead to speculation that there may be a causal relation- 
ship among the parameters studied. 

The experimental paradigm of this investigation of- 
fered several advantages. The LC on one side was specif- 
ically lesioned, thus avoiding inadvertent injury to neigh- 
boring regions and depletion of other monoaminergic 

systems. Also, the non-lesioned side acted as an internal 
control. This is based on the uncrossed ipsilateral ceru- 
leocortical connections which supply most of the NA 
innervation to the cerebral cortex (Kobayashi et al., 
1975). Another advantage was that the effects of NA 
depletion were considered for a prolonged period. Finally, 
in vitro and in vivo studies could be correlated in parallel 
in the same animal model. 

Reports of increased cerebral /I-adrenergic receptor 
density @porn et al., 1977; Dolphin et al., 1979) and 
increased isoproterenol-induced cyclic AMP generation 
(Dismukes et al., 1975; Sporn et al., 1977; Skolnick et al., 
1978; Dolphin et al., 1979) following NA depletion have 
been considered evidence for denervation supersensitiv- 
ity. In our laboratory, NA depletion by LC lesion or by 
chronic reserpine treatment also produced increased den- 
sity of /3-adrenergic receptors (Sharma et al., 1981). How- 
ever, cY-adrenergic receptors, whether in the cerebral 
cortex, hippocampus, or cerebellum, were not increased 
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Figure 6. Effect of unilateral LC lesion on the rate of oxi- 
dation (Time to P,,,,,) of cytochrome aa3 after direct cortical 
stimulation. Response times from ipsilateral hemispheres are 
presented as a percentage of those of the contralateral hemi- 
spheres. Time after LC lesion is depicted on the abscissa. Each 
data point represents the mean (GEM) of 6 to 10 rats. Only 
at 2 weeks after LC lesion was the time to P,,, significantly 
prolonged (p < 0.05; star). 
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Figure 8. Effect of unilateral LC lesion on the ratio of blood 
volume (BV) increase to cytochrome (1613 oxidation (CYT 
OXID) after direct cortical stimulation. BV/Cyt ratios from 
ipsilateral hemispheres are expressed as a percentage of those 
of the contralateral hemispheres. These percentages are de- 
picted on the graph as the means (+SEM) of 6 to 10 animals at 
each time point following lesion. Only at 2 weeks after LC lesion 
was the BV/Cyt ratio significantly different (p < 0.05; star). 
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Figure 7. Effect of unilateral LC lesion on the rate of re- 
reduction (Time to % off) of cytochrome aa3 after direct cortical 
stimulation. Response times from ipsilateral hemispheres are 
presented as a percentage of those of the contralateral hemi- 
spheres. Time after LC lesion is depicted on the abscissa. Each 
data point represents the mean (*SEM) of 6 to 10 rats. Only 
at 2 weeks after LC lesion was the re-reduction rate of cyto- 
chrome oxidase significantly prolonged (p < 0.05; star). 

(Sharma et al., 1979, 1981). This lack of change in LY- 
adrenergic receptors agrees with Skolnick et al. (1978) 
but is at variance with U’Prichard and Snyder (1978) and 
U’Prichard et al. (1979). This discrepancy could be due 
to the late development of a-adrenergic receptor super- 
sensitivity, which may have been missed in our short 
term studies. Therefore, we studied noradrenergic recep- 
tor binding 1 to 8 weeks after LC lesion. Despite contin- 
ued NA depletion, we were unable to detect increased 
a-adrenergic receptor binding (Fig. 2). 

A most interesting feature of this prolonged study is 
the observation that increased fi-adrenergic receptor 

binding, documented at 2 weeks after LC lesion, returned 
to base line values by 4 weeks (Fig. 3). Thus, denervation 
supersensitivity appears to be both selective and revers- 
ible. 

As the density of /?-adrenergic receptors returned to 
control despite continued NA depletion, the receptor- 
linked, isoproterenol-induced adenylate cyclase hyper- 
activity also returned to control (Fig. 4). 

In viva studies demonstrate that LC lesion results in 
slowed rates of oxidation and re-reduction of cyt,ochrome 
aas and a concomitant decrease in blood volume response 
to increased metabolic demand. These abnormalities 
were apparent only 2 weeks after LC lesion. Recovery 
occurred by 4 weeks. The several possibilities that could 
account for these changes include substrate limitation, 
abnormality of vascular reactivity, altered ion transport, 
or uncoupling of oxidative phosphorylation. Uncoupling 
is unlikely because the steady state ratio is not different 
in NA-depleted and control hemispheres (LaManna et 
al., 1981). Altered K+ transport is discounted by the 
findings of Sick et al. (1981) that the rate of extracellular 
K’ decline after stimulation is unchanged in the hemi- 
sphere ipsilateral to LC lesion. It is our belief that pro- 
longed oxidation of cytochrome aa3 2 weeks after LC 
lesion is due to transient limitation of substrate and/or 
circulatory perfusion. Deficiency of circulation is sup- 
ported by the attenuated blood volume response to stim- 
ulation as well as the slowed rate of oxidation (Z’h,,) 
which could be due to limited delivery of OZ. 

Recovery of metabolic and blood volume responses 
occurred in a similar time period as P-adrenergic receptor 
binding and cyclic AMP generation. This suggests that 
p receptor action is linked to the responses to cerebral 
evoked potential activity of cytochrome oxidase and 
blood volume. This could occur through /? receptor me- 
diation of increased substrate availability by an action 
on glycolytic enzymes or by P-adrenergic control of cere- 
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bral circulation. The latter is supported by recent dem- 
onstrations of P-adrenergic receptors on cerebral micro- 
vessels (Harik et al., 1980; Peroutka et al., 1980). How- 
ever, the possibility exists that these changes may be 
epiphenomena of LC lesion and NA depletion. 

There are several possible explanations of the cerebral 
compensation for prolonged NA depletion. Among these 
is regeneration of noradrenergic ceruleocortical connec- 
tions. Previous work has documented regeneration of 
noradrenergic systems after intracisternal (Nygren and 
Olson, 1976) and intraspinal (Nygren et al., 1971) injec- 
tion of 6-OHDA. However, regeneration is an unlikely 
explanation of our results for the following reasons: (I) 
In this study, NA remained depleted in the ipsilateral 
cerebral cortex for 8 weeks, while regeneration has been 
associated with a return of tissue NA content (Bjorklund 
and Lindvall, 1979). (2) Preliminary work (W. J. Logan 
and S. I. Harik, manuscript in preparation) suggests that 
the high affinity uptake of NA into homogenates of the 
ipsilateral cerebral cortex is decreased markedly 2 weeks 
after LC lesion and does not recover by 8 weeks. High 
affinity uptake of NA, a marker of NA neuronal elements, 
returned to normal in regeneration after chemical NA 
axotomy (Bjorklund and Lindvall, 1979). (3) Regenera- 
tion has not been described after NA cell bodies have 
been superfused with high local concentrations of 6- 
OHDA. Regeneration of monoaminergic systems after 
chemical lesions occurred when chemical toxins were 
injected into the cerebrospinal fluid or into axonal tracts, 
thus destroying mostly synaptic terminals and axons but 
sparing neuronal cell bodies (Thoenen and Tranzer, 
1973). 

Another possible compensatory mechanism could be 
proliferation of nerve endings of other catecholaminergic 
systems to occupy synaptic spaces vacated by the degen- 
erating LC terminals. This possibility is based on the fact 
that recovery of ,B-adrenergic receptors and increased 
cyclic AMP generation did not occur 40 days after intra- 
ventricular 6-OHDA (Sporn et al., 1977). Such treatment 
is known to produce widespread destruction of noradre- 
nergic, dopaminergic, and some serotonergic systems 
(Thoenen and Tranzer, 1973). The possibility of such 
proliferation, however, requires further investigation be- 
fore it can be accepted. 

Irrespective of the underlying mechanism through 
which recovery is effected, the reversible effects of LC 
lesion and NA depletion on rat cerebral cortex underscore 
the importance of the adaptive capabilities of the central 
nervous system. Indeed, it could be used to study the 
phenomena of plasticity, regeneration, and sprouting in 
the adult mammalian brain. These investigations also 
emphasize the importance of the time variable that 
elapses between a lesion and the study of its effects. 
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