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Abstract

Unilateral injection of 6-hydroxydopamine into the locus ceruleus led to long lasting depletion of
norepinephrine in the ipsilateral parietal cerebral cortex of the rat up to 8 weeks after injection. The
uptake of both norepinephrine and dopamine by homogenates of parietal cortex was decreased
markedly on the ipsilateral, but not on the contralateral, side. The uptake of four other neurotrans-
mitter candidates or precursors was unaffected by the lesion. Desipramine (DMI) markedly inhibited
the uptake of both norepinephrine and dopamine by cortical preparations from the contralateral
side and from control rats, but this effect was not seen in preparations from the norepinephrine-
depleted, ipsilateral cortex. The decreased DMI-sensitive uptake of norepinephrine or dopamine
was highly correlated with decreased norepinephrine in the ipsilateral cortex. These results suggest
that the specific uptake of norepinephrine and dopamine is a valid marker of noradrenergic
innervation of the parietal cortex and that dopamine seems to be accumulated primarily by
norepinephrine terminals in this region. Two and 8 weeks after locus ceruleus lesion, a DMI-
insensitive, benztropine-sensitive dopamine uptake becomes apparent in ipsilateral cortical prepa-
rations. This may represent proliferation or increased function of dopaminergic cortical projections,

compensating for noradrenergic denervation.

Lesion of the locus ceruleus (LC)* induced by the local
stereotaxic injection of 6-hydroxydopamine (6-OHDA)
results in a marked and sustained decrease in tissue levels
of norepinephrine (NE) in the ipsilateral cerebral cortex
(Harik et al., 1981). This is associated with increased
density of $-adrenergic receptors (Sharma et al., 1979,
1981) and abnormalities of cerebral oxidative metabolism
when the cerebral cortex is stimulated to heightened
activity (Harik et al., 1979; LaManna et al., 1981). These
receptor and metabolic alterations in the NE-depleted
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cortex reach their maximum 2 weeks after LC lesion but
return to normal within 4 to 8 weeks (Harik et al., 1981),
thus indicating the presence of compensatory mecha-
nisms that enable the cerebral cortex to adjust to chronic
noradrenergic denervation. The mechanisms mediating
this recovery are not known. One possibility is regener-
ation of the lesioned noradrenergic system. Alternatively,
recovery may be due to alterations in other central
neurotransmitter systems.

To determine whether such recovery is mediated by
the sprouting of new noradrenergic or other neurotrans-
mitter terminals, the high affinity uptake of NE and
other putative neurotransmitters or neurotransmitter
precursors (NTs) was used in this study as a marker of
the synaptic terminals subserving these neurotransmitter
systems. Uptake was evaluated in homogenates of ipsi-
lateral (NE-depleted) and contralateral (control) cerebral
cortex of rats with a unilateral LC lesion studied at 2 and
8 weeks after the lesion. We find no evidence for norad-
renergic reinnervation but present data suggesting the
emergence of a dopamine (DA) uptake process. Prolif-
erations of dopaminergic terminals may be the compen-
satory mechanism underlying recovery of function after
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chronic LC lesion. A preliminary communication of these
results has been presented (Logan and Harik, 1981).

Materials and Methods

Animals. Adult male Wistar rats weighing 175 to 225
gm at the time of L.C 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 were undertaken.

LC lesion. The LC was lesioned by the local stereotaxic
microinjection of 6 ug of 6-OHDA base dissolved in 3 pul
of 0.9% NaCl solution containing 1 mg/ml of ascorbic
acid and adjusted to a pH of 5.5. Details of the lesion
procedure have been reported previously (LaManna et
al., 1981; Sharma et al., 1981). LC lesions were made
unilaterally with equal distribution between the left and
right sides.

The uptakes of [-norepinephrine (NE), dopamine
(DA), serotonin (5-HT), choline (CHOL), y-aminobutyric
acid (GABA), and vL-glutamic acid (GLUT) were assayed
using techniques similar to those previously described
(Logan and Snyder, 1972; Logan and Swanson, 1979).
Two or 8 weeks after L.C lesion, rats were decapitated
and cortical samples were taken from the parietal region
of both sides. Part of the tissue was frozen immediately
on dry ice for NE assay. The remainder was homogenized
in 9 vol of 0.3 M sucrose using a motor-driven Teflon
pestle and glass homogenizer. All procedures were per-
formed at 0 to 4°C unless otherwise stated. The homog-
enate was diluted further with 0.3 M sucrose and centri-
fuged at 17,000 X g for 10 min. The pellet was resus-
pended in Tris-buffered Krebs’ solution (pH 7.4), and
aliquots were used for uptake studies in quadruplicate.
The uptake incubation medium (0.5 ml) contained 0.1
pM tritium-labeled NT (25 to 70 Ci/mmol), 0.1 mM as-
corbic acid, and 1 to 2 mg of tissue homogenate. Incu-
bations were performed for 5 min at 25°C, and the
reaction was terminated by transfer to an ice bath and
the rapid addition of 2.5 ml of ice cold 0.9% NaCl solution
containing 0.1 mM unlabeled NT. Samples were centri-
fuged at 17,000 X g for 10 min and the supernatant was
discarded. The pellets were washed with 3 ml of 0.9%
NaCl, dried, and transferred to a scintillation vial. Radio-
activity was extracted into scintillation fluid and assayed
in a liquid scintillation spectrometer.

The amount of NT accumulated by the tissue was
estimated from the radioactivity in the pellet and was
expressed as picomoles per gm of tissue per 5 min. Blank
values consisted of counts accumulated by the pellet in
replicate samples containing saturating amounts of un-
labeled NT (0.5 mm for NE, DA, and 5-HT and 5 mm for
GABA, GLUT, and CHOL). Under these conditions, the
uptake of NT was mediated primarily by the high affinity
uptake systems for each of the N'T's studied.

To determine the specificity of catecholamine uptake
by NE and DA systems, incubations were performed in
the presence and absence of 0.5 um desipramine (DMI)
and 1 uMm of benztropine (BZT), respectively (Horn et al.,
1971; Tassin et al., 1974). The effectiveness of these
concentrations of DMI and BZT was confirmed by sep-
arate experiments on homogenates of the cerebellum and
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striatum of control rats. The cerebellum was chosen to
represent neural tissue with NE innervation but devoid
of DA terminals, while the striatum represented neural
tissue with a high density of DA terminals and little NE
innervation. The difference in uptake found in the pres-
ence and absence of DMI represents the DMI-sensitive
uptake which is considered to be specific for the norad-
renergic system (Table I). The addition of BZT (DMI +
BZT) further inhibits that portion of the uptake which
is considered to be specific for the dopaminergic system
(Table I). Thus, total minus DMI uptake = DMI-sensi-
tive uptake and estimates NE-specific uptake; and DMI
minus (DMI + BZT) uptake = DMI-insensitive, BZT-
sensitive uptake and estimates DA-specific uptake.

NE assay. Cortical samples were weighed in the frozen
state and homogenized in 50 vol of cold 0.1 N perchloric

TABLE I
Norepinephrine and dopamine uptake by homogenates of cerebellum
and striatum of control rats
The values denote mean values £ SEM of four observations. The
final concentrations of DMI and BZT were 0.5 and 1 uM, respectively.

NE Uptake DA Uptake
Conditions
Cerebellum  Striatum Cerebellum  Striatum
pmol/gm/5 min pmol/gm/5 min
Total 91+ 4 181+ 9 145 + 4 835 + 60
DMI 27+ 2 185 + 15 48 +5 855 + 59
DMI + BZT 29+2 352 44 £ 2 100 £ 14
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Figure 1. Uptake of [-norepinephrine, dopamine, serotonin,
choline, y-aminobutyric acid, and L-glutamic acid by homoge-
nates of rat parietal cerebral cortex ipsilateral to a unilateral
locus ceruleus lesion expressed as a percentage of the uptake
by preparations of the contralateral cortex. The details of the
uptake assay are described under ‘“Materials and Methods.”
The results denote the mean values of total uptake minus a
saturated blank value and are expressed in picomoles per gm of
wet weight tissue per 5 min. The number of observations is
indicated in parentheses above the appropriate column. Sig-
nificant differences between the two hemispheres were found
only for NE and DA. * p < 0.01 and **p < 0.001 by the paired
t test (two tailed). The experiment was performed 2 weeks after
LC lesion. Tissue levels of NE were 290 + 19 and 24 + 5 (mean
+ SEM) ng/gm of tissue in the contralateral and ipsilateral
cortices. Similar results were obtained 8 weeks after LC lesion.

5-HT



396

acid. Portions of supernatant were assayed for NE in
duplicate by the enzymatic-isotopic method of Henry et
al. (1975).

Analysis of data. The efficacy of the LC lesion was
assessed by the degree of NE depletion that it produced
in the ipsilateral cerebral cortex. LC lesions were consid-
ered successful when NE was depleted by 70% or more of
the NE content of the contralateral cerebral cortex.
Except for the results shown in Figure 2, only data
obtained from successfully lesioned rats were used in
subsequent analyses. Data from the NE-depleted ipsilat-
eral cortex was compared to that from the contralateral
cortex by the paired Student’s ¢ test (two tailed). Differ-
ences were considered significant at p < 0.05.

Results

Two weeks after LC lesion, there was marked reduc-
tion in ipsilateral cerebral cortical NE and a correspond-
ing decrease in the uptake of NE and DA (Fig. 1). There
were no significant differences in the uptake of 5-HT,
GABA, GLUT, and CHOL between the ipsilateral and
contralateral sides. Similar results were obtained 8 weeks
after LC lesion (data not shown).

Since NE and DA are mutual substrates for the high
affinity uptake process of both noradrenergic and dopa-
minergic systems (Table I), specific inhibitors were used
to dissect the relative contribution of each catecholamine
system to the total uptake. DMI in a concentration of 0.5
¢M inhibited uptake into NE terminals only. The addition
of BZT (1 um) to DMI produced no additional inhibition
of uptake by NE terminals but profoundly inhibited
uptake by DA terminals (Table I).

The results of NE and DA uptake studies done in a
separate series of experiments using DMI and BZT are
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shown in Tables II and III. Two weeks after LC lesion,
total uptake of NE and DA was decreased by about 50%
on the lesioned side. DMI markedly decreased uptake in
the contralateral cortex but had little effect on prepara-
tions from the lesioned side. This was expected since
DMI prevents uptake into NE terminals (Table I). Thus,
the DMI-sensitive uptake estimates the specific uptake
of NE or DA into noradrenergic terminals. Using this
criterion, specific noradrenergic uptake was virtually
abolished in the ipsilateral cortex (Table II). The mag-
nitude of the decreased DMI-sensitive uptake of NE and
DA in the ipsilateral cortex corresponds well with tissue
NE depletion (Table II). Similar results were obtained 8
weeks after LC lesion (Table III). Thus, there is no
evidence of recovery of the specific uptake of NE in the
ipsilateral cerebral cortex.

The correlation between the magnitude of NE deple-
tion and that of decreased DMI-sensitive uptake of both
NE and DA in the ipsilateral cerebral cortex suggests
that such specific uptake is a good indicator of the extent
of the LC lesion and the resultant degeneration of cortical
noradrenergic fibers and terminals. To examine this pos-
sibility further, NE depletion of the ipsilateral cortex was
compared to the decrease in the DMI-sensitive uptake of
NE and DA in a group of rats in which the success of the
LC lesion in depleting cortical NE varied widely. Results
of this correlation are shown in Figure 2. The correlation
coefficients for NE content with NE and DA uptake were
0.84 and 0.91, respectively.

In the presence of DMI, NE uptake was similar in the
contralateral and ipsilateral cortices at 2 and 8 weeks
after unilateral LC lesion. Thus, LC lesion has no effect
on the DMI-insensitive uptake of NE. On the other hand,
the DMI-insensitive DA uptake is increased in the ipsi-

TABLE 11
Norepinephirine and dopamine uptake 2 weeks after unilateral locus ceruleus lesion
The values denote the means = SEM of four or five separate experiments. The final concentration of DMI was 0.5 uM.

NE Uptake DA Uptake
NE Content
Total DMI Total — DMI Total DMI Total — DMI
ng/gm pmol/gm/5 min pmol/gm/5 min
Contralateral cortex 225 + 40 64 =13 28+ 9 366 122 + 23 43+ 8 79 + 20
Ipsilateral cortex 10 + 3¢ 36 + 10° 31+8 5+ 2 55 x 10° 58 & 10° -3+4°
Percent change —-96 —44 11 —86 -55 35 -100
“p < 0.005 for the difference between contralateral and ipsilateral cortex.
® p < 0.01 for the difference between contralateral and ipsilateral cortex.
“ p < 0.02 for the difference between contralateral and ipsilateral cortex.
TABLE IIT
Norepinephrine and dopamine uptake 8 weeks after unilateral locus ceruleus lesion
The values denote the means £ SEM of four or five separate experiments. The final concentration of DMI was 0.5 uM.
NE Uptake DA Uptake
NE Content
Total DMI Total — DMI Total DMI Total — DMI
ng/gm pmol/gm/5 min pmol/gm/5 min
Contralateral cortex 313+ 34 52+ 9 20+ 4 328 92+ 19 37+8 55+ 19
Ipsilateral cortex 47 £ 19° 27 * 6° 20+ 4 7+2° 48 + 11° 48 £ 12¢ 0+ 5
Percent change -85 —48 0 -79 —48 30 -100

“ p < 0.02 for the difference between contralateral and ipsilateral cortex.
®p < 0.02 for the difference between contralateral and ipsilateral cortex.
“ p < 0.06 for the difference between contralateral and ipsilateral cortex.
¥ p < 0.05 for the difference between contralateral and ipsilateral cortex.
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Figure 2. Norepinephrine in the parietal cerebral cortex
ipsilateral to a locus ceruleus lesion expressed as a percentage
of NE content of the contralateral parietal cerebral cortex is
plotted against the DMI-sensitive uptake of l-norepinephrine
and dopamine by homogenates of the ipsilateral parietal cere-
bral cortex also expressed as a percentage of uptake by prepa-
rations from the contralateral side. The details of the assays
are described under “Materials and Methods.” The efficacy of
the LC lesions varied widely. DMI-sensitive uptake represents
total uptake minus uptake in the presence of 0.5 um DMI. The
correlation coefficient for NE content versus NE uptake was
0.84 (p < 0.02; two-tailed test) and for NE content versus DA
uptake, it was 0.91 (p < 0.01; two-tailed test).

TABLE IV
Dopamine uptake 2 and 8 weeks after unilateral locus ceruleus
lesion
The values denote the means + SEM of five separate experiments.
The final concentrations of DMI and BZT were 0.5 and 1 um, respec-
tively.

2 Weeks 8 Weeks
Contralateral  Ipsilateral — Contralateral Ipsilateral
Cortex Cortex Cortex Cortex
pmol/gm/5 min pmol/gm/5 min
DMI 43 +8 58 £ 10 378 48 + 12
DMI + BZT 4 +38 44 + 8° 29+ 4 307
Percent change 2 —-24 -22 —38

“ p < 0.05 for the difference between DMI and DMI + BZT.
® p < 0.02 for the difference between DMI and DMI + BZT.

lateral eerebral cortex preparations at 2 weeks ( p < 0.02)
and 8 weeks ( p = 0.06) after lesion. This finding suggests
an increased uptake of DA into non-noradrenergic ele-
ments in the ipsilateral cortex of rats with a L.C lesion.
To determine whether these non-noradrenergic elements
are at least in part dopaminergic in origin, results of DA
uptake in the presence of DMI were compared to those
in the presence of DMI plus BZT (Table IV). There is a
significant difference in the BZT-sensitive DA uptake in
the ipsilateral cortex at 2 weeks (p < 0.05) and 8 weeks
(p < 0.02) after LC lesion. This demonstrates that the
increased DMI-insensitive DA uptake in the ipsilateral
cortex is BZT sensitive and probably represents specific
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uptake into dopaminergic elements. BZT had no effect
on DA uptake in preparations of the contralateral cortex.

Discussion

The LC, a paired brainstem nucleus, is the origin of
most, if not all, noradrenergic innervation of the cerebral
cortex. The ceruleocortical pathways are predominantly
ipsilateral (Lindvall et al., 1974; Harik et al., 1981). LC
lesion results in persistent depletion of NE in the ipsilat-
eral cortex but transient effects on several other cortical
parameters, such as the density of 8-adrenergic receptors,
the activity of isoproterenol-stimulated adenylate cy-
clase, and oxidative metabolism (Harik et al., 1981). The
transient nature of these effects, despite continued NE
depletion, could be due to noradrenergic regeneration or
the sprouting of remaining NE neurons or may be due to
compensatory changes in other neurotransmitter sys-
tems. Regeneration of ipsilateral NE projections is un-
likely since 6-OHDA injection into the LC destroys the
neurons of origin of the NE system which project to the
cortex. Moreover, there is no recovery of the NE content
of the ipsilateral cerebral cortex. It is still conceivable
that recovery of function could occur without an accom-
panying increase in steady state levels of NE if the
turnover rate of NE is increased. Alternatively, other
neurotransmitters in cerebral cortex might be altered by
the chronic noradrenergic denervation.

The present study utilizes uptake of neurotransmitter
candidates or precursors as markers of neurotransmitter
systems (Kuhar, 1973). Such uptake is altered by destruc-
tion of specific neuronal pathways (Zigmond et al., 1971;
Kuhar et al,, 1972, 1973; Tassin et al., 1974; Logan, 1977,
Storm-Mathisen and Guldberg, 1974; Kellar et al., 1977;
Storm-Mathisen, 1977). As was expected, unilateral LC
lesion caused marked depletion of ipsilateral cortical NE
and a concomitant decreased uptake of NE and DA.
Uptake of other NTs appeared to be unaffected by L.C
lesion (Fig. 1).

Uptake of both NE and DA by contralateral and
control cerebral cortex preparations is decreased by DMI,
a specific inhibitor of the noradrenergic uptake system.
After LC lesion, the decreased uptake of NE and DA in
the ipsilateral cortex is not affected by DMI (Tables II
and III). The DMI sensitivity of the NE and DA uptake
in the contralateral cortex resembles the uptake by nor-
adrenergic, but not dopaminergic, elements (Table I).
This was expected because the parietal region of cortex
used in these studies has little or no DA innervation
(Lindvall et al., 1974). Several other observations support
the conclusion that DA is accumulated primarily by NE
uptake sites in these cortical preparations: (i) NE and
DA are mutual substrates for their respective uptake
systems (Table I; Snyder and Coyle, 1969). (i) DA up-
take in parietal cortex is decreased by either ipsilateral
LC lesion or DMI (Tables II and III). (ii) The effect of
DMI is abolished by LC lesion. The observation that DA
is better than NE as a substrate for noradrenergic uptake
systems is consistent with previous observations (Snyder
and Coyle, 1969).

The decrease in total NE and DA uptake after LC
lesion could be attributed to the change in the DMI-
sensitive portion of this uptake which correlated well
with the decreased cortical NE content (Fig. 2). Thus,
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DMI-sensitive uptake of either NE or DA can serve as a
marker of the noradrenergic system in the cortex and
may be used to estimate the degree of NE depletion after
LC lesions.

Following LC lesion, DA uptake in the presence of
DMI (DMl-insensitive uptake) was increased in the ip-
silateral cortex, but not in the contralateral cortex, at
both 2 and 8 weeks after the lesion (Table IV), suggesting
the emergence of uptake sites which are not noradrener-
gic in nature. That this increase in the DMI-insensitive
uptake was sensitive to BZT indicates that these new
sites resemble dopaminergic elements in their pharma-
cologic characteristics. It is possible that at least one of
the compensatory changes that take place in the cerebral
cortex after chronic noradrenergic denervation by LC
lesion is the proliferation of dopaminergic endings to fill
some of the spaces vacated by the degenerating norad-
renergic terminals. Conceivably, these could arise from
the dopaminergic innervation of adjacent cortical areas.
Observations of increased dopamine content in ipsilateral
cortex after LC lesion are consistent with this interpre-
tation (Berger et al., 1974; Emson and Koob, 1978).

Recently, Acheson and colleagues (Acheson and Zig-
mond, 1981; Acheson et al., 1980) reported an initial
decrease and a subsequent recovery of tyrosine hydrox-
ylase activity in rat hippocampus after intraventricular
injections of 6-OHDA. It is unlikely that this was due to
regeneration of noradrenergic terminals since there was
no recovery of NE uptake. They hypothesize that nor-
adrenergic neurons that escape the toxic effects of 6-
OHDA react by increasing their NE-synthesizing capac-
ity. Our results suggest that the compensatory mecha-
nisms that follow destruction of central noradrenergic
systems include proliferative changes of dopamine sys-
tems. Since tyrosine hydroxylase is common to both
catecholaminergic systems, its recovery could be me-
diated by increased activity or proliferation of dopami-
nergic terminals.

Compensatory changes such as those described here
may be representative of adaptive processes available to
neurotransmitter systems throughout the nervous sys-
tem.
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