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Abstract

Local cerebral glucose utilization (LCGU) was determined
in 49 brain regions of 3-, 12-, 24-, and 33-month-old awake
Fischer-344 rats, at 30 to 120 min after administration of the
dopaminergic antagonist haloperidol (HAL) at 1 mg/kg (i.p.).
The quantitative autoradiographic ['*C]-2-deoxyglucose
technique was employed. In 3-month rats, HAL produced
statistically significant (p < 0.05) reductions in LCGU in 63%
of the brain regions examined, including those having dopa-
minergic as well as non-dopaminergic function. With increas-
ing age, LCGU was progressively less affected by HAL.
Significant declines in LCGU occurred in 21 to 23% of the
observed regions in 12- and 24-month rats, and in 10% of
the 49 regions in 33-month-old rats. The peak effects of HAL
on LCGU occurred later in the 33-month- than in the 3-month-
old rats (90 and 60 min after HAL, respectively). The behav-
ioral effect (catalepsy) of HAL was less in old than in young
rats. Age-related differences in the cerebral metabolic and
behavioral responsivities of rats to HAL are not due to differ-
ences in brain concentrations of HAL, as higher concentra-
tions are obtained in older animals (Kapetanovic, |I. M., D. J.
Sweeney, and S. |. Rapoport (1982) J. Pharmacol. Exp. Ther.
221: 434-438). The differences correlate with known age-
dependent structural and biochemical deficits of the central
dopaminergic system and indicate reduced functioning of
that system in the rat brain after 12 months of age.

Aging is associated with altered neurotransmission in the brains
of humans and animals (Roth and Hess, 1982; Severson et al.,
1982). Markers for the dopaminergic system decrease progressively
with age in the brain of several animal species (Pradhan, 1980). In
rats, there are age-correlated reductions of brain tyrosine hydrox-
ylase activity, of the rate of dopamine (DA) synthesis, and of brain
concentrations of DA and of its metabalites (Reis et al., 1977; Ponzio
et al., 1982; Algeri et al., 1983). The number of DA receptors is
reduced in older rats, with a loss of about 40% in animals aged 24
months and older, compared to 3- to 5-month-old rats (Misra et al.,
1980; Joseph et al., 1981; Govoni et al., 1983).

Human and animal studies report age-related differences in re-
sponse to centrally acting drugs (Dawson-Butterworth, 1970; Cas-
telden and George, 1979; Altamura et al., 1983). An increased
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cataleptic effect of haloperidol (HAL) (Campbell and Baldessarini,
1981) and greater stereotypic behavior after DA agonists (Smith et
al., 1978) were described in old rats. However, less stereotypic
sniffing followed intrastriatal amphetamine or DA injection in old than
in young rats (Joseph and Roth, 1983). Furthermore, aged rodents
responded less to conditions that require functional adaptations of
the DA system. After electroconvulsive shock or exposure to cold,
DA turnover increased less in old than in young rats (McNamara et
al., 1977; Algeri et al., 1982). Neither behavioral supersensitivity nor
increased DA receptor number was observed in old mice after
chronic HAL administration (Randall et al., 1981).

In this study, we wanted to determine whether a reduced capacity
to respond to a DA antagonist accompanies the reported structural
and biochemical changes in the central DA system during aging in
rats. We measured local cerebral glucose utilization (LCGU), a
parameter of neuronal functional activity, using the [*C]deoxy-D-
glucose {["*C]DG) method of Sokoloff et al. (1977). We administered
the DA receptor antagonist HAL (1 mg/kg) to awake Fischer-344
rats aged 3, 12, 24, or 33 months. Fischer-344 rats reach maturity
by 3 months of age and their median survival is 22 to 29 months;
less than 1% live to 33 months (Chesky and Rockstein, 1976;
Coleman et al., 1977). In the rat, brain DA receptor number reaches
adult levels during the first 2 months of life (Bruinink et al., 1983;
Karakiulakis et al., 1983). We also quantified the cataleptic effect of
HAL in 3- and 33-month-old rats.

Effects of HAL on LCGU in young mature rats have been inves-
tigated previously (McCulloch et al., 1982; Pizzolato et al., 1984).
HAL reduced LCGU in a dose- and time-dependent manner in brain
regions that comprise DA pathways, and also in many other areas
that do not possess DA receptors. These responses to HAL result
from its antagonism of DA receptors (Creese et al., 1976) and also
can influence non-DA regions by connecting pathways.

Kapetanovic et al. (1982) examined the peripheral pharmacoki-
netics and time-dependent brain concentrations of HAL after its
acute administration intraperitoneally to awake Fischer-344 rats aged
3 to 34 months. Plasma clearance of HAL was reduced in old
animals, resulting in higher plasma and brain concentrations of HAL
in 32- to 34-month versus 3- to 4-month rats for a given dose per
kilogram of weight.

in the present study we found lesser effects of HAL in old than in
young rats on two measures of brain functional activity: brain glucose
utilization and behavior. The declines are not due to changes in the
pharmacokinetics of HAL with age, however, because brain concen-
trations of HAL are higher in the old rats (Kapetanovic et al., 1982).
They reflect, therefore, reduced function of the central DA system
during aging.

Materials and Methods

Experiments were performed on awake, male Fischer-344 rats, 3, 12, 24,
and 33 months old, obtained from Charles River Breeding Laboratories
(Wilmington, MA). [“CIDG (specific activity, 50 to 55 mCi/mmol) was
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purchased from New England Nuclear (Boston, MA) and was rechromato-
graphed to ascertain purity. HAL was a gift from McNeil Pharmaceuticals
(Spring House, PA).

Preparation of animals

Animals had free access to food and water until the morning of the
experiment. After insertion of femoral vein and artery catheters under ether
anesthesia, the rats were restrained in a plaster cast that enabled them to
move their heads and forequarters only, and were allowed to recover from
anesthesia for 5.5 hr in a temperature-controlled enclosure before intravenous
injection of [*C]DG. Body temperature was maintained at 35 to 36°C with a
rectal thermoprobe connected to a feedback device that could activate an
external heating element.

Drug treatments

Four to six rats were assigned to each of 15 treatment groups. They
received the vehicle solution (0.1 M acetic acid) or HAL (1 mg/kg (1 mi/kg),
i.p.) at 30 to 120 min before [“CIDG.

Three-month-old rats. Control animals received the vehicle solution at 30
to 90 min before [“C]DG; drug-treated rats were administered HAL at 30,
60 or 90 min before [“CIDG.

Twelve- and 24-month-old rats. Control rats of these ages were injected
with the vehicle solution at 60 to 90 min before [*CJDG; HAL injection was
performed at 60 or 90 min before [“CIDG.

Thirty-three-month-old rats. Control rats received the vehicle at 30 to 120
min before [“CIDG; four treatment groups received HAL at 30, 60, 90, or
120 min before [“CIDG.

Physiological assessments

Arterial blood pressure, heart rate, and body temperature were monitored
throughout the experiment. Blood pressure and heart rate were recorded
from the femoral artery catheter connected to a strain-gauge transducer
(Statham Instruments Co., Hatorey, Puerto Rico), which was attached to a
paper chart recorder (model 2200, Gould Inc., Cleveland, OH). Arterial pH,
Pa0, and PaCQ, were determined (pH-Blood Gas Analyzer No. 1301,
Instrumentation Laboratory, Lexington, MA) in 120 ul of arterial blood samples
taken from each rat at 3 min before intravenous injection of [*CIDG.

Behavioral observations

Catalepsy was evaluated in 3- and 33-month-old animals at 15-min intervals
after HAL or vehicle injection, and was scored on a four-point scale from 0
(no effect, animal normal) to 4 (animal completely cataleptic), as previousty
described (Pizzolato et al., 1984). Measures of catalepsy were: presence
and intensity of reduced spontaneous movements of the head and forelimbs;
hypertonic-akinetic posture with kyphotic trunk, extended head, broad-based
support, up-turned tail; resistance and bracing to imposed horizontal displace-
ment of the forequarters; and ptosis. All catalepsy determinations were made
by a single rater (G. P.).

Determination of LCGU

LCGU was determined after a bolus injection of ["*C]DG (125 Ci/kg of
body weight, i.v.). Fourteen timed arterial blood samples were collected
during the subsequent 50 min and were centrifuged. Aliquots of plasma
were taken for assessment of glucose (Glucose Analyzer Il, Beckman
Instruments, Irvine, CA) and of [C]DG (model LS9000 Liquid Scintillation
Spectrometer, Beckman).

Rats were kiled 50 min after injection of [“C]DG by an intravenous
overdose of sodium pentobarbital. The brains were removed rapidly and
frozen in 2-methylbutane cooled to —40°C. Coronal sections (20 um thick)
were obtained with a cryostat/microtome (Bright mode! 5030, Hacker Instru-
ments, Fairfield, NJ) maintained at —20°C. Autoradiographs were made by
exposing SB-5 x-ray fims (Eastman Kodak Co., Rochester, NY) to the
sections, and to methylmethacrylate standards of known C concentration,
for 7 days.

Radioactivity in brain regions was determined by quantitative autoradiog-
raphy. Optical densities of autoradiograms were measured with a microden-
sitometer (model 700-10-90, Gamma Scientific, San Diego, CA) with a 100
um diameter aperture. Six separate determinations were made at each region
in both left and right sides of the brain, and the means for the two sides
were averaged. Anatomical regions were identified by comparing autoradi-
ograms with atlases of the rat brain (Konig and Klippel, 1967; Paxinos and
Watson, 1982) and, where necessary, with cresyl violet-stained sections
taken adjacent to those used for autoradiography. LCGU was calculated
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from brain and plasma radioactivities and from plasma glucose concentra-
tions, using equations and constants given by Sokoloff et al. (1977).

Statistical analysis

Statistical significance was determined by one-way analysis of variance
and Bonferroni’s multiple comparison test (Miller, 1966). LCGU values for
each group were normalized to age-matched control values. For each region,
LCGU in HAL-treated rats at the time of peak metabolic effect (60 min after
HAL in 3-, 12-, and 24-month rats; 90 min after HAL in 33-month rats) was
compared to LCGU in age-matched controls. Using normalized LCGU values
determined at the time of peak effect of HAL, 12-, 24- and 33-month groups
were compared to 3-month-old animals. Statistical significance was taken as
p < 0.05.

Results

Physiological parameters

After HAL (1 mg/kg, i.p.), no statistically significant changes were
observed in body temperature, blood pressure, arterial blood gases,
or pH at any age. Heart rate was reduced significantly (by 18%)
only at 30 min after HAL in 3-month-old rats. HAL (1 mg/kg)
increased plasma glucose concentrations in 3-, 12-, and 24-month-
old animals. However, increases in plasma glucose were progres-
sively smaller with increasing age (significant elevations of about
50% were observed at 30 and 60 min after HAL in 3-month rats,
42% at 90 min after HAL in 12-month rats, and 29% at 60 min after
HAL in 24-month-old rats). No significant change in plasma glucose
was observed in 33-month-old animals after HAL administration. The
["*C]DG model accounts for variations in plasma glucose fevels
between 100 and 300 mg/dl, without adjusting the lumped constant
(Sokoloff, 1982).

Behavior

The time courses of catalepsy after HAL (1 mg/kg, i.p.) in 3- and
33-month rats are shown in Figure 1. The peak behavioral effect
was significantly smaller in the aged animals (mean score, 2.78 +
0.17 (SEM)) than in the young ones (mean score, 3.50 = 0.21). In
the old rats the maximal behavioral effect also was delayed. Cata-
lepsy was first observed in 3-month rats at 15 min after HAL
administration and reached the peak level at 45 min. In the 33-
month-old animals, catalepsy was minimal during the first hour and
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Figure 1. HAL-induced catalepsy. Catalepsy was determined in 3-month
(®) and 33-mo (O) rats at 15-min intervals after administration of HAL (1 mg/
kg, i.p.). Scoring was on a scale of 0 (no effect) to 4 {(completely cataleptic).
Vertical bars indicate SEM; = indicates a significant difference between the
mean scores for the two age groups at each time point (p < 0.05).
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peaked at 105 min after HAL. Catalepsy was not seen in vehicle-
treated animals.

Local cerebral glucose utilization

LCGU was determined in 49 brain regions at 30, 60, and 90 min
after intraperitoneal injection of HAL (1 mg/kg) in 3-month rats, at
60 and 90 min after HAL in 12- and 24-month-old rats, and at 30,
60, 90, and 120 min after HAL in 33-month-old rats. The time of
vehicle injection had no significant effect on LCGU in control rats of
any age; therefore, these animals were combined into four groups:
3, 12, 24, and 33 months control.

LCGU in gray and white matter regions was lower by about 20%
in control 33-month compared to control 3-month animals (Table ).
Average LCGU (x=SEM) for all of the regions examined was 83.8 +
1.6 for 3-month-, 83.7 = 1.3 for 12-month-, 83.3 + 2.4 for 24-
month-, and 65.9 = 2.6 for 33-month-old rats. Age-related declines
in LCGU, measured with the ["*C]DG method, have been reported
in untreated male rats (Smith et al., 1980; London et al., 1981). Most
of these declines reflect a reduction in the lumped constant for ['*C]
DG during aging in the rat (Rapoport, 1983) and, thus, are artifactual.

Time course of effect of HAL on LCGU. The general time course
of the effect of HAL (1 mg/kg, i.p.) on LCGU for each of the four
age groups is shown in Figure 2. As we reported previously (Pizzolato
et al., 1984), in 3-month-old rats, HAL (1 mg/kg, i.p.) significantly
reduced LCGU in only a few regions at 30 min after administration,
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whereas it produced its maximal reductions at 60 min. At 60 min,
LCGU was significantly reduced in 63% of the regions examined,
by an average of 21.7% for all of the regions. In 3-month-old animals,
LCGU returned to near pre-drug levels in most regions at 90 min
after HAL (average LCGU decline for all examined regions was
4.7%). A similar pattern was observed in 12- and 24-month-old rats,
in which the maximal response to HAL was at 60 min after treatment
(significant declines were found in 23% and 21% of the regions
examined, respectively). The time course of the cerebral metabolic
effects of HAL was different in 33-month-old rats, however. In these
animals no significant declines in LCGU were observed at 30 and
60 min after HAL, but a peak metabolic effect occurred at 90 min,
when LCGU in 10% of the regions was reduced significantly (overall
mean reduction 7.8%). At 120 min after HAL, no significant reduc-
tions were observed in any brain region of 33-month rats.

It was reported previously that LCGU returns to near-control levels
shortly after the peak effect of HAL (Pizzolato et al., 1984). Because
this recovery is not due to a decrease in DA receptor blockade
(Kuhar et al., 1978), it was ascribed to compensatory mechanisms
such as formation of new receptors or altered rates of DA turnover
(Moleman et al., 1978; Meller et al., 1980).

Maximal age-dependent decline in LCGU. Table Il shows LCGU
values for 49 brain regions after HAL administration, expressed as
percentage of age-matched control values, at the time of the maximal
metabolic effect of HAL (1 mg/kg, i.p.). The time points are at 60

TABLE |
Local cerebral glucose utilization after haloperidol in some brain regions of awake Fischer-344 rats

Time (min) after HAL (1 mg/kg)

Brain Region Control
30 60 90 120
LCGU (umolf100 gm{min)
3 Months old
6y (5) )] (6)

Cortex

Frontal area 8 107 £ 4 93+£3 79+£3 9 +5

Visual areas 17, 18 99+ 3 885 77 £ 4 R+7
Thalamus, mediodorsal n.* 1032 842 69 £2 86+ 6
Subthalamic n. 832 66 £2 58 £ 2 69+ 3
Caudate-putamen mediolat. 92+4 91£3 77+£3 94+5
Globus pallidus 48 +2 2+2 3B+2 48+ 5
Accumbens n. 745 70+4 69+3 766
Substantia nigra compacta 702 68 + 4 56 +3 75+4
Ventral tegmental area 75+3 77+5 56 + 3 7x7
Locus ceruleus 73x2 69+ 1 51£2 60+ 3
Cerebellum

Hemispheres 58 +2 47 £ 2 43+ 2 45+ 2

Dentate n. 96 £ 3 77+2 MM+2 83+5

33 Months old
(6) 4 (6) (©) )]

Cortex

Frontal area 8 1016 100+ 6 91+3 82+7 90x7

Visual areas 17, 18 86+ 4 87 +6 84 +2 80+6 81 +7
Thalamus mediodorsal n. 80+3 803 792 66 £ 6 75+£3
Subthalamic n. 66 +3 67 £ 6 66 + 2 53+5 633
Caudate-putamen mediolat. 69+4 81+9 75+2 63+5 74+£5
Globus pallidus 36+ 1 39+ 4 37+ 1 33+3 36=+3
Accumbens n. 49+5 58+7 573 46 +5 50+ 4
Substantia nigra compacta 50+ 2 52+ 3 54+ 3 46 £ 4 503
Ventral tegmental area 57+3 65+5 62+ 2 56+ 5 60 + 1
Locus ceruleus 52+2 56+ 4 56+ 1 50+ 4 54 2
Cerebellum

Hemispheres 45+ 2 45+ 4 45 + 1 38+2 44+2

Dentate n. 72+3 714 74+ 2 65+ 3 71+3

?Values are mean *+ SEM for the number of animals shown in parentheses.

b n., nucleus; mediolat., mediolateral.
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Figure 2. Effect of HAL on local cerebral glucose utilization. LCGU was
measured in 49 brain regions at 30 to 120 min after HAL (1 mg/kg, i.p.) in
Fischer-344 rats of four ages: 3, 12, 24, and 33 months. Percentage
reductions from control of mean LCGU for all regions are shown. Narrow
vertical bars indicate SEM.

min after HAL for 3-, 12-, and 24-mo-old rats, and at 90 min after
HAL for 33-month-old animals. LCGU values for control and HAL (1
mg/kg)-treated 3-month-old rats have been reported previously (Piz-
zolato et al., 1984). Metabolic rates at other times are not tabulated
because few differences from control values were found.

The maximal effect of HAL (1 mg/kg, i.p.) on LCGU declined in
relation to age. The number of brain regions in which HAL signifi-
cantly reduced LCGU fell from 63% of the regions examined in 3-
month rats, to 21 to 23% of 12- and 24-month-rats, and to only 10%
of 33-month rats. Also, the reduction in the overall mean LCGU in
all regions examined was progressively less in older animals. Mean
LCGU fell by 21.7% after HAL in 3-month rats, by 13% in 12- and
24-month rats, and by 7.8% in 33-month rats.

The pattern of age-related reductions in the average metabolic
response to HAL was apparent also in most of the individual regions
examined. Figure 3 depicts the age-dependent decline in the LCGU
response to HAL for several representative brain regions.

Regional distribution of LCGU response to HAL. In. 3-month-old
rats, HAL (1 mg/kg) produced widespread reductions in LCGU (Fig.
4). Significant decreases were observed in regions containing DA
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neurons or terminals (e.g., caudate-putamen, globus pallidus, ventral
tegmental area, precentral medial cortex) and also in many other
regions not known to contain DA terminals or receptors (e.g., most
neocortical, cerebellar, and brainstem regions) (Burt et al., 1976;
Beckstead et al., 1979). Significant reductions of LCGU after HAL
were seen in only a few brain regions of 33-month rats: frontal
cortex, mediodorsal thalamus, subthalamic nucleus, and cerebellar
hemispheres. The lateral habenula was the only region in which HAL
produced a large elevation in LCGU, and this was observed at all
time points at each age.

Discussion

These results show that metabolic sensitivity of the brain of male
Fischer-344 rats to the DA antagonist HAL decreases progressively
with age after maturity. In 3-month rats, HAL (1 mg/kg) produced
widespread reductions of LCGU (63% of the regions; overall mean
decline, 21.7%). In 33-month-old rats, only 10% of the regions were
significantly affected by HAL, and the overall mean decline was
7.8%. The 12- and 24-month-old animais showed an intermediate
response to HAL, indicating that sensitivity to HAL falls progressively
throughout maturity.

The maximal catalepsy score also was less in 33-month-old than
in 3-month-old rats. The metabolic and behavioral responses also
occurred later after HAL administration in the 33-month than in the
3-month-old rats. These findings support the close relation between
changes in cerebral metabolism and behavior that we observed also
after the DA agonist bromocriptine (Pizzolato et al., 1985a) and after
acute and chronic HAL (Pizzolato et al., 1984, 1985b) in 3-month-
oldrats. The findings are consistent with the reported reduced LCGU
response of the aged rat brain to the DA agonist apomorphine
(Smith, 1981).

Pharmacokinetic differences do not account for reduced cerebral
metabolic and behavioral responses to HAL in the aged rat. Brain
concentrations of HAL in 3- to 4-month and 32- to 34-month-old
Fischer-344 rats are similar at 30 min after an acute intraperitoneal
injection of the same dose of the drug, but at 60 min and later, they
are higher in aged animals because of reduced plasma clearance
of HAL (Kapetanovic et al., 1982). Reduced sensitivity to HAL,
therefore, occurs despite higher brain levels of the drug.

The diminishing effect of HAL on LCGU and on behavior in old
rats may be associated with age-dependent, progressive deficits in
DA neurotransmission. The activity of tyrosine hydroxylase, the rate-
limiting enzyme for DA synthesis, is decreased in the aged rat brain
(Reis et al., 1977). Concentrations of DA and of its metabolites in
DA regions show progressive, statistically age-correlated declines in
rats (Ponzio et al., 1982; Aigeri et al., 1983). DA sensitivity of striatal
adenylate cyclase is reduced at 12 and 24-months, compared to 4
months, and is abolished in 30-month-old animals (Puri and Volicer,
1977). A decreased density of DA receptors has been reported in
several brain areas of aged rats (Memo et al., 1980; Misra et al.,
1980), mice (Severson and Finch, 1980), rabbits (Thal et al., 1980),
and humans (Severson et al., 1982), although the affinity of DA
receptors for dopaminergic ligands is not altered (Misra et al., 1980).
Decreases in DA receptor number, which occur in rodents before
midlife (Severson and Finch, 1980), progress to 30 to 50% of 3- to
5-month values in rats 24 months and older (Joseph et al., 1981; De
Blasi et al., 1982). This may be due to reduced rates of synthesis of
DA receptors in old animals (Henry and Roth, 1984). As the primary
sites of action of HAL are central DA receptors (Creese et al., 1976),
age-related changes in DA receptor number and in post-receptor
mechanisms, such as adenylate cyclase activity, may contribute to
the reduced responsivity of the aged brain to HAL.

Losses of functional interconnections in the aged brain also may
contribute to the less widespread effect of HAL in the aged rat. In
3-month-old rats, HAL reduced LCGU in DA regions as well as non-
DA regions (Fig. 4) (Burt et al., 1976; Beckstead et al., 1979; Simon
et al., 1979). Significant decreases were found in all neocortical and



TABLE 1l
Effect of haloperidol (1 mglkg, i.p.) on cerebral glucose utilization in awake Fischer-344 rats of different ages

Rat Age (months)/Time after Treatment (min)

3 12 24 33
60 60 60 0
(5)° ® ©® ®

LCGU (% of age-matched control mean)
Cortical regions

Frontal area 8 (layer IV) 74 £ 2° 77 £ 4° 82+ 3° 80 + 5°
Frontal area (layer IV) 75 + 4° 77+ 6° 80+5 93+8
Pyriform area 518 82=x2 817 N0 +6 93+8
Somatosensory (layer V) 75+ 3° 857 86 + 4 867
Auditory area 41 (layer IV) 67 £ 4° 81+4 84+3 91 +8°
Visual areas 17, 18 (layer IV) 78 + 4° 78 £ 6° 74 £ 5° 93+7
Limbic regions
Precentral medial cortex 76 £ 3° 81+£5 88+4 85+5
Precentral agranular 72 £ 5° 80+ 4 84+ 3 847
Entorhinal cortex lateral 82+3 82+5 83+8 88 £ 7
Dorsal hippocampus
CA1 74 + 5° 80+8 84+6 9%5+9
CA3 66 + 3° 77+ 6 89 +7 91x7
Dentate gyrus 734 78+6 89£5 92 +8
Lateral amygdala 76 + 40 89+8 85+ 4 80 + 6°
Lateral septum 7570 897 0=+7 837
Diagonal band n.¢ 835 93+8 85+5 92+ 9
Offactory tubercle 89+ 4 787 88 +7 101 +8
Lateral preoptic area 85+5 87 +4 84+5 99+8
Preoptic magnocellular n. 75+ 4° 79 £ 5° 75+ 3 88 +7
Medial forebrain bundle 735 105+ 6 89+4 92 +10
Anterior commissure 59 + 5° 68 = 9° 747 84+6
Diencephalon
Thalamus, mediodorsal n. 68 + 20 79+ 3 81+ 3° 83 + 7>°
Thalamus, ventromedial n. 69 + 3° N x7° 91+ 3° 93 + 8°
Lateral habenula 137 + 8° 194 + 12° 167 + &° 160 + 13°
Subthalamic n. 70+ 3 76 £ 5° 74 + 4° 80 + &
Posterior hypothalamus 72 + 40 84+6 82+4 93 £ 10
Hypothalamic arcuate n. 815 837 91+£8 106 £ 14
Lateral hypothalamic n. 82+8 100 £ 11 N5 91+8
Medial geniculate 66 + 4° 82=+4 80 +4 92 *+ 10°
Lateral geniculate 82+ 3 855 76 +£5° 93+9
Basal ganglia
Globus pallidus 73+ 40 89+9 85+8 0 £8
Caudate-putamen
anterior 80+5 102 £ 10 98 + 4 100+7
mediolateral 833 858 Rx7 91 +7
mediomedial 75 + 4b 81+7 80+5 83+8
posterior 78 £ 3 91+6 86 x5 93x£9
Accumbens n. 93 +4 MBx7 99 +5 93+9
Brainstem
Substantia nigra
pars compacta 80 +5 87 +6 87 93+8
pars reticulata 756 86 +7 828 9 +9
Ventral tegmental area 75+ 30 77x5 56 + 3 7xTe
Raphe dorsal 79+3 71+4 66 + 4 74+ 4
Raphe median 913 846 74+ 3 883
Superior coliiculus 70 + 4° 83+6 74 & 4° 92 + 6°
Inferior colliculus 92 +4 80+4 91+4 97 £ 12
Locus ceruleus 70 £ 20 87 %9 86+ 7 97 = 7°
Superior olive 72 £ 5° 81+5° 85+7 98 +3°
Inferior olive 81 +4 91+5 85+5 9 +7
Cerebellum
Vermis 70£3 82+ 3 83+5 91 £ 4°
Hemispheres 74+ 3 81 x5° 79 + 4° 83+ 5°
interpositus n. 74 + 20 91+6 75+ 3° 92 + 6°
Dentate n. 74 £ 20 89+6 78 £ 3° 91 + 4°

#Values are mean = SEM for the number of animals shown in parentheses.

b Significantly different from control mean (p < 0.05).

¢ Significantly different from LCGU percentage of 3-month-old rats (p < 0.05).
“n., nucleus.
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Figure 3. Percentage of decline of LCGU from control in rat brain regions
after HAL. Percentages of declines of LCGU after HAL (1 mg/kg. i.p.)in a
representative group of brain regions of 3-, 12-, 24-, and 33-month-old
Fischer-344 rats, at the time of the maximal effect of HAL on LCGU, are
shown.

cerebellar areas, of which only the frontal cortex possesses DA
receptors (Thierry et al., 1973; Klemm et al., 1979). As we noted
previously (Pizzolato et al., 1984), metabolic changes in non-DA
regions after HAL may represent an indirect effect, mediated by
non-DA pathways that are influenced by DA inputs. Age-related
deficits in other neurotransmitter systems, such as the adrenergic
(Enna and Strong, 1981; Misra et al., 1980), GABAergic (Govoni et
al., 1980), and cholinergic (Morin and Westerlain, 1980; Strong et
al., 1980) pathways, also could influence the reduction in the number
of regions affected by HAL. A generalized age-related reduction in
the anatomical complexity of neural circuits (Feldman, 1976; Rogers
et al., 1984) may contribute to the decreased effect of HAL (and
possibly of other drugs) in aged rats.

In this study, we found a striking reduction in the metabolic
response of the aged rat brain to HAL. The deficit begins within the
first third of the mature life span and becomes progressively more
severe as the rat ages. The reduced response to HAL correlates
with age-dependent losses of functional and biochemical compo-
nents of the DA system that, in rodents, begin before midlife and
progress with age. These deficits probably are related to reduced
locomotor activity, rigidity, and impaired motor coordination and
balance in senescent rats, and can be reversed by DA agonists or
by induced production of new DA receptors (Marshall and Berrios,
1979; Joseph et al., 1983). In humans, biochemical and receptor
markers for the DA system also decline progressively with age
(Severson et al., 1982), and movement disorders occur in the elderly
(akinesia and rigidity) that resembie those of Parkinson’s disease, a
syndrome of DA deficiency (Critchley, 1956; McGeer et al., 1977).

The loss of CNS DA elements in middle-aged humans is not
accompanied by concurrent changes in motor behavior, possibly
because of redundancy of DA pathways and compensatory adaptive
changes in the central DA system. On the basis of studies in
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Figure 4. Anatomical patterns of LCGU responses to HAL in 3-month and
33-month-old rats. Regions in which LCGU was significantly decreased by
HAL (1 mg/kg, i.p.) in 3-month (A)- and 33-month (B)-old Fischer-344 rats
are denoted by shaded areas. The lateral habenula was the only region in
which HAL elevated LCGU. A, lateral amygdala; ac, anterior commissure;
Acc, accumbens nucleus; CP, caudate-putamen; Fr, frontal cortex; GP,
globus pallidus; H, lateral habenula; hemi, cerebellar hemispheres; Hip,
dorsal hippocampus; Hth, hypothalamus; /C, inferior colliculus; LC, locus
ceruleus; md, mediodorsal thalamic nucleus; Med, precentral medial cortex;
MG, medial geniculate; n, cerebellar nuclei; O7, olfactory tubercle; Pom,
preoptic magnocellular nucleus; R, dorsal raphe; S, lateral septum; SC,
superior colliculus; SN, substantia nigra; SO, superior olive; SS, somatosen-
sory cortex; Sth, subthalamic nucleus; Th, thalamus; Vis, visual cortex; VT,
ventral tegmental area.

Parkinson’s disease, it has been suggested that an 80% reduction
in the number of DA nigrostriatal projections is required for the
clinical symptoms to appear (Hornykiewicz, 1983). In healthy sub-
jects, motor deficits become apparent only Iate in life, perhaps when
adaptive mechanisms can compensate no longer for losses in the
DA system.

Aithough functional metabolic deficits do not parallel the early
degenerative changes of the DA system in resting animals, a
reduced functional capacity at 12 and 24 months was demonstrated
in this study by a pharmacologic challenge. Drug-induced alterations
of the CNS may be useful in detecting early functional deficits in
other brain systems during aging.
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