The regenerative capacity of damaged
adult CNS neurons is limited (/7). Al-
though regenerative sprouting of severed
axons has been observed by many inves-
tigators, the formation of appropriate
and functional synaptic connections has
not been demonstrated and may be rare.
The formation of dense connective tissue
and neuroglial scars after CNS damage
has been regarded as a significant barrier
to neural regeneration (/2). On the other
hand, there is evidence that lesioned
neonatal CNS neurons can regenerate
in a functionally useful way (/3). In an
earlier study (5), we found that axons
from transplanted vasopressin neurons
coursed from the graft into the median
eminence of the host. In normal animals,
vasopressin is released into the circula-
tion by axons terminating at capillaries in
the median eminence and neural lobe
(I4). The presence of vasopressin in the
hypothalamic grafts and the increased

ability of some of the host animals to.

conserve water suggest that the axons of
the grafted fetal neurons made appropri-
ate and functional connections. Glial
scarring in the host brain, resulting from
our stereotaxic transplantation proce-
dures, did not prevent functional devel-
opment.

This study demonstrated that symp-
toms resulting from a congenital defect
in the CNS of an adult mammal can be
ameliorated by transplanted neurons.
Additional evidence that brain grafts
may function in the adult host was re-
cently provided by Perlow et al. (I5).
Transplants of fetal dopamine neurons
were found to reduce motor abnormal-
ities resulting from lesions of the sub-
stantia nigra. The development of the
ability to transplant neurons to correct
CNS deficiencies, whether due to ge-
netic defects, disease, or trauma, has ex-
traordinary theoretical and clinical impli-
cations.
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Mental Symptoms in Huntington’s Disease and a

Possible Primary Aminergic Neuron Lesion

Abstract. Monoamine oxidase activity was higher in the cerebral cortex and basal
ganglia of patients dying from Huntington’s disease than in controls. Enzyme kinet-
ics and multiple substrate studies indicated that the increased activity was due to
elevated concentrations of monoamine oxidase type B. Concentrations of homo-
vanillic acid were increased in the cerebral cortex but not in the basal ganglia of
brains of patients with Huntington’s disease. These changes may represent a primary
aminergic lesion that could underlie some of the mental symptoms of this disease.

Huntington’s disease (HD) is an auto-
somal dominant degenerative disease
characterized clinically by mental symp-
toms including a schizophreniform psy-
chosis and dementia, and the neurologi-
cal signs of chorea (/). The patho-
physiology of this disease has some
bearing on understanding that of schizo-
phrenia and the primary dementias.

The pathology of the basal ganglia (/)
includes marked neuronal loss in the
caudate nucleus, putamen, and globus
pallidus; and relative sparing of the sub-
stantia nigra. A reduction in the basal
ganglia of the activity of choline acetyl-
transferase (CAT) and glutamic acid de-
carboxylase (GAD) (2, 3) reflects these
morphological changes. Muscarinic
cholinergic, y-aminobutyric acid
(GABA), and serotonergic receptor den-
sities are reduced in the basal ganglia (4).
In contrast, the concentrations in the
basal ganglia of norepinephrine, dopa-
mine, and tyrosine hydroxylase are nor-
mal (2, 5). Drugs that block dopamine re-
ceptors, deplete dopamine, or increase
acetycholine improve the choreiform
movements, while r-dopa and anti-

0036-8075/80/1219-1369$00.50/0 Copyright © 1980 AAAS

cholinergics aggravate them (6). Work
on animals suggests that GABA modu-
lates dopaminergic function in the basal
ganglia (6). Thus, it is postulated that do-
paminergic overactivity, secondary to
the loss of the inhibitory restraint of
GABA and cholinergic neurons, is re-
sponsible for the choreiform move-
ments.

While it is reasonable to assume that
the pathology seen in the basal ganglia is
responsible for the motor disturbances
associated with this disease, the mental
symptoms are more likely to be related
to changes in the cerebral cortex where
degeneration of the third, fifth, and sixth
layers occurs (/). In contrast to the basal
ganglia, the cortex appears to lack a neu-
rochemical counterpart to these histolog-
ical changes, and pharmacological ma-
nipulations aimed at improving cognitive
function have been preliminary and des-
ultory. No significant alterations in GAD
or CAT activity or in the concentrations
of muscarinic or GABA receptors are
found in the cerebral cortex (2, 3, 7). De-
creased [*H]spiroperidol binding is re-
ported in the cerebral cortex of choreics
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(8), a finding consistent with reduced
dopamine or serotonin receptor density,
but the significance of this observation
requires further investigation.

In experiments in which human blood
platelets were used as models of some
aminergic neuron functions, increased
dopamine uptake and monoamine oxi-
dase (MAO) activity have been reported
in HD (9, 10). These findings may repre-
sent a systemic genetic effect on aminer-
gic neurons. Dopaminergic overactivity
has been postulated both as part of the
cause of the choreiform movements of
HD and the symptoms of schizophrenia
(11). Increased platelet and brain MAO
activity has been reported in the primary
dementia of Alzheimer’s disease (/2).
Perhaps cortical aminergic neuronal dys-
function occurs in HD and is related to

some of the mental symptoms of HD,
particularly the schizophreniform psy-
chosis and the dementia. We therefore
examined MAO activity and homo-
vanillic acid (HVA) concentration in
both the basal ganglia and cerebral cor-
tex of patients dying from HD compared
to controls.

Brain samples were obtained from HD
patients and unmedicated controls dying
from nonneurological causes as con-
firmed by neuropathology. Control and
HD samples were handled in the same
way (/3), and were matched for time
both to refrigerator (4°C) and freezer
(—70°C). The brain areas studied were
frontal cortex (Brodman’s area 8), pa-
rietal cortex (Brodman’s area 7), head of
the caudate nucleus, lateral segment of
the globus pallidus, and a composite of

Table 1. Monoamine oxidase activity and enzyme Kinetics in the cerebral cortex and basal
ganglia of patients dying from Huntington’s disease contrasted with controls dying from non-
neurological causes. The substrates used were phenylethylamine (PEA), tyramine, and sero-
tonin (used in the cortex only because of lack of tissue elsewhere). The significance of the
differences between groups was calculated by a conventional two-tail ¢-test unless the variance
differed significantly between the two groups (significant F value), in which case a modified ¢-
test was performed; S.E.M., standard error of the mean.

Brain MAO activity (nmole mg™* hour™?) or Kinetics

Substrate Control group Huntington’s group
Mean S.E.M. N Mean S.E.M. N

Cerebral cortex

Tyramine 63.7 1.0 19 88.0* 3.4 18

PEA Vyax 84.1 6.6 19 118.0* 10.0 18

Ky 5.8 0.5 19 6.1 0.7 18

Serotonin 31.0 1.3 15 33.9 0.6 14
Substantia nigra

Tyramine 88.3 10.3 8 134.7% 8.5 9

PEA Vyax 129.8 24.6 8 235.3% 30.3 9

Kn 4.9 0.5 8 8.4 1.8 9
Caudate nucleus

Tyramine 117.9 13.2 10 211.5% 32.0 10

PEA Viux 189.0 20.2 10 326.41 47.8 10

K, 4.4 0.4 10 5.5 0.4 10
Globus pallidus

Tyramine 69.8 11.0 10 184.6* 16.6 10

PEA Vyax 123.1 20.0 10 324.5% 29.2 10

K. 4.3 0.4 10 5.9t 0.4 10

*P < .01, TP < .05.

Table 2. Homovanillic acid concentrations in the cerebral cortex and basal ganglia of patients
dying from Huntington’s disease, both on and off neuroleptics, compared to controls dying from
nonneurological causes. The significance of the differences was calculated by means of a con-
ventional two-tail z-test unless the variances of the two groups differed significantly (F value) in

which case a modified ¢-test was performed; S.E.M., standard error of the mean.

Homovanillic acid (ng/mg, wet weight)

Brain region

Control group

Huntington’s group

Mean S.E.M. N Mean S.E.M. N
Cerebral cortex 0.20 0.06 19 0.29* 0.04 19
Cortex (off neuroleptics) 0.29 0.04 9
Cortex (on neuroleptics) 0.28 0.04 9
Substantia nigra 3.10 0.5 9 4.06 0.04 9
Caudate nucleus 4.27 0.6 10 4.29 1.06 10
Globus pallidus 6.90 0.5 9 5.61 0.4 9

*P < .02,
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the pars compacta and reticulata of the
substantia nigra. MAO activity was mea-
sured in duplicate with *C-labeled phe-
nylethylamine hydrochloride, !C-la-
beled tyramine hydrochloride, and *C-
labeled serotonin binoxolate (New En-
gland Nuclear) as substrates. The activi-
ty was expressed as nanomoles of prod-
uct formed per milligram of protein of
crude brain homogenate per hour (/4).
Enzyme Kinetics were measured by *C-
labeled phenylethylamine (PEA). Homo-
vanillic acid was measured by a gas chro-
matographic technique (/5). Brain MAO
may increase with age (/6), but the HD
specimens did not differ significantly in
age from controls with the exception of
the samples from the substantia nigra
where the controls were 9.7 years older.
About half the HD patients were on
neuroleptics, but none were on MAO in-
hibitors. The controls were drug-free.
Neuroleptics do not appear to alter MAO
activity, but can elevate HVA levels al-
though tolerance may develop to this ef-
fect (17). Compared to that of controls,
the mean MAO activity was significantly
elevated in both cerebral cortex and ba-
sal ganglia of HD brains (see Table 1).
The values for parietal and frontal corti-
cal MAO activity did not differ signifi-
cantly in either the HD group or controls,
and cortical values were therefore com-
bined for intergroup contrasts and intra-
group correlations (/8). Differences in
cortical MAO activity were greater with
tyramine and PEA (39 and 41 percent,

" respectively) than with serotonin (10 per-

cent and statistically nonsignificant).
There was insufficient tissue to permit a
similar multisubstrate study in the basal
ganglia. Human MAO can be function-
ally divided into type A that preferential-
ly deaminates serotonin and type B that
preferentially deaminates dopamine and
PEA (19). Tyramine is a substrate for
both types. Thus, the data suggested that
the increased MAO activity was largely
of type B. The enzyme kinetics (Table 1)
demonstrated a significant increase in
V max Without an overall significant altera-
tion in Michaelis constant (K ,). This was
consistent with an increase in concentra-
tion of MAO type B rather than an alter-
ation in the enzyme. There was no signif-
icant correlation (Pearson product mo-
ment) between MAO activity and time to
refrigerator or freezer, age, or duration
of illness. No differences were found in
cortical MAO activity between patients
on neuroleptics compared to those with-
out neuroleptics, or between males and
females. Studies in human platelets and
animals show no clear effect upon MAO
activity of neuroleptics (20). Thus, the
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large differences in MAO activity ap-
peared disease-related and were present
in both cortex and basal ganglia.

Concentrations of HVA in the HD ce-
rebral cortex, compared to that of con-
trols, were significantly increased, in
contrast to normal levels in the basal
ganglia (see Table 2). No differences
were found in cortical HVA concentra-
tion in patients on neuroleptics com-
pared to those without neuroleptics.
None of the HD patients had the rigid
form of the disease that is associated
with increased concentrations of dopa-
mine in the putamen (27). Cortical HVA
levels did not correlate significantly
(Pearson product moment) with time to
refrigerator or freezer, age, or duration
of illness. Thus, the increased cortical
HVA concentrations also appeared dis-
ease related. '

The changes in MAO activity and
HVA concentration cannot be readily
explained as secondary to changes in the
GABA and cholinergic systems since
neurochemical deficits in these two sys-
tems appear to spare the cerebral cortex.
[®*H]Spiroperidol binding is reported to
be reduced by 72 percent in the cortex of
HD brains and 42 percent in the basal
ganglia (8), a finding consistent with our
finding of elevated HVA concentrations
in the cortex, which may be primary or
secondary to reduced dopaminergic re-
ceptor density.

Increased MAO type B activity has al-
so been reported in the brains of patients
dying from Alzheimer’s disease com-
pared to age-matched controls, as well as
in rat brain after monoaminergic degen-
eration resulting from hemitransection
(12). Therefore the increased MAO type
B activity in HD and Alzheimer’s dis-
ease may reflect primary monoaminergic
neuron degeneration and secondary
gliosis. The lack of a concomitant change
in the choreic brains of MAO type A ac-
tivity in the same cortical areas as MAO
type B, combined with the magnitude of
the increase in MAO type B activity,
suggests these changes are not the non-
specific results of global neuronal degen-
eration but, as animal data suggest (/2),
are secondary to monoaminergic degen-
eration. Although the increased MAO
type B activity may not directly contrib-
ute to the dementia of HD, it may be a
marker of monoaminergic neuron degen-
eration. Both animal and human data
suggest a role for aminergic transmitters
in cognitive function (22) that could
thereby explain the dementia of HD
through cortical aminergic neuron de-
generation. This process may be sepa-
rate from that causing elevated cortical
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HVA concentrations and, if so, would be
consistent with the lack of significant
correlation between MAO activity and
HVA levels in both the cortex and basal
ganglia (for example, for tyramine in the
cortex, r = —.06 for the HD group and
r = —.12 for controls).

That increases in HVA occur in the ce-
rebral cortex, but not in the basal gan-
glia, of patients dying with schizophre-

‘- nia, was attributed to the differential ef-

fect of neuroleptics on cortex compared
to basal ganglia (2/). Neuroleptics cause

‘elevation of HVA concentrations sec-

ondary to dopamine blockade and toler-
ance develops to this effect more rapidly
and at lower dosages in the basal ganglia
than the cerebral cortex (/7). However,
an equally valid explanation of this find-
ing in schizophrenia is that the increased
cortical concentrations of HVA may be
directly related to the primary disease
process itself. This latter interpretation
would be consistent with the dopamine
hypothesis of schizophrenia (/7). Such a
finding in schizophrenia would be ‘more
likely located in the cerebral cortex with
sparing of the basal ganglia. Equally, our
finding of increased HV A concentrations
in the cerebral cortex of HD patients
may be related to the schizophreniform
psychosis that can complicate that dis-
ease. The absence of detectable altered
HVA concentrations in the basal ganglia
of HD patients may be due to the mul-
tiple neuron system pathology of that
area. Thus, alterations in brain MAO ac-
tivity and HVA concentrations in HD
may represent a primary aminergic le-
sion in this disease that could underlie
some of its mental symptoms.
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