include both entropic effects and stabilizing
interactions between atoms in the link se-
quence and the rest of the protein. As only
some of these free energy components can
be quantified at present, it is not yet possible
to partition the stabilization energy into its
component terms (15, 16).

The free energy associated with the transi-
tion from the unfolded, random coil state to
the folded, helical state for oy in the absence
of denaturants could be estimated by meth-
ods that involve extrapolation to zero
GuHCI concentration (17); the free energy
associated with the folding process was cal-
culated to be —22 kcal mol™' (18). Al-
though this value is approximate because of
the assumptions invoked in the development
of linear free energy models (17, 19), it
allows comparison of «, with other small,
natural proteins that have been analyzed in
the same way (Table 1) (20). oy possesses
considerable stability when compared with
other small proteins and thus provides a
stable framework for the incorporation of
future design modifications.

It is reasonable to adopt the working
assumption that o4 contains four closely
packed o-helical  segments. Additional
chemical, crystallographic, and spectroscop-
ic investigations are necessary to determine
the arrangement of the helices and the posi-
tions of the loops in the structure.
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Coordinate Hormonal and Synaptic Regulation of
Vasopressin Messenger RNA

FRANK BALDINO, JR.,* TERESA M. O’KANE,
SANDRA FrrzPATRICK-MCELLIGOTT, BETTY WOLFSON

Previous studies have shown that adrenalectomy augments arginine vasopressin (AVP)
messenger RNA levels in the adult paraventricular nucleus. It is now demonstrated
that unilateral lesions in the lateral septal nucleus enhance the adrenalectomy-induced
expression of AVP mRNA. This effect was entirely ipsilateral to the lesion and most
prominent in the rostral paraventricular nucleus and related nuclei. Moreover, AVP
and AVP mRNA were found to be colocalized with oxytocin in a few neurons. These
results indicate that mRNA expression is modulated by synaptic influences and raise
the possibility that synaptically mediated selection of neuronal phenotypes is a dynamic
feature of the mature central nervous system.

HE EXPRESSION OF AVP MRNA

within several subdivisions of the

paraventricular nucleus (PVN) is
regulated by glucocorticoids (1-6). Adrenal-
ectomy induces the expression of AVP
mRNA in corticotropin-releasing factor
(CRF)—immunoreactive neurons within the
PVN (1, 2), illustrating the potential of the
adult genome to be differentially regulated
in response to hormonal challenge. Other
physiological influences, however, have also
been reported to alter gene expression. The
transmitter phenotype produced in develop-
ing peripheral ganglionic neurons (7), as
well as the synthesis of specific muscle pro-
teins (8), has been shown to depend, in part,
on the type of presynaptic innervation.
These findings suggest that synaptic input
influences phenotypic expression in target
tissues. The purpose of this study was to
determine whether specific afferents contrib-
ute to the plasticity in AVP expression in-
duced by adrenalectomy. We now report
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that the adrenalectomy-induced expression
of AVP mRNA in the PVN can be en-
hanced by reducing specific afferent synaptic
input.

Adrenalectomized (14-day-old; n = 25)
and sham-operated (#» = 10) male Sprague-
Dawley rats were subjected to a unilateral
electrolytic lesion in one of a number of
regions shown by anatomical and physiolog-
ical studies to project to the PVN (9-15).
These regions included the bed nucleus of
the stria terminalis, several subdivisions of
the lateral septal nucleus, and the hippocam-
pus (including the subiculum). The ipsilat-
eral nature of these projections permitted
the side contralateral to the lesion to serve as
a control in each section. The anatomical
locations of all lesions were verified histo-
logically. In some experiments (n = 6),
dexamethasone pellets (120 wg/day for 7
days) were administered subcutaneously 7
days after adrenalectomy.

In animals with lateral septal lesions, the
number of neurons expressing AVP mRNA
was increased in the rostral half of the PVN
on the side ipsilateral to the lesion (Fig. 1).
Most notably, AVP mRNA was detected in
a population of neurons that normally do
not express AVP or AVP mRNA. These
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Lesion Control

Fig. 1. Dark-field photomicrographs depicting
the distribution of AVP mRNA at four selected
levels in the PVN. Sections were prepared from
adrenalectomized rats that had received unilateral
septal lesions. The sections are arranged rostral to
caudal (A to D) with the left panels illustrating the
side of the lesion. A higher density of neurons
with hybridized message is seen in all sections
ipsilateral to the lesion. In (A to C) this increase in
labeled neurons is located ventromedially on the
lesioned side. In (C), an increased density of
labeled neurons is present laterally and dorsally on
the lesioned side. The caudal extent of this asym-
metry is noted in (D). Bar, 200 pm. A 24-base
oligodeoxynucleotide probe complementary to
the glycoprotein coding region of AVP mRNA
was prepared according to previously described
methods (1, 2, 20). The specific activity of the
125T-labeled probe was approximately 10® cpm
pg~". Colchicine (75 pg)-treated rats were perfu-
sion-fixed and their brains transversly sectioned at
30 pm. In situ hybridization histochemistry was
performed as described (1, 2, 20). For autoradiog-
raphy, slides were dipped in Kodak NTB2 emul-
sion diluted 1:1 with distilled H,O. Slides were
exposed for 4 days in lightproof boxes at 4°C.
Development was performed with Kodak-D19
for 2 min at 16°C; slides were washed in distilled
H,O for 30 s, and this was followed by 5-min
fixation with Kodak fixer at 16°C. The fixed
samples were then washed in distilled H,O for 30
min, dehydrated, and protected by cover slips.
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neurons were located within the ventral
medial portion of the posterior magnocellu-
lar and medial parvocellular subdivisions of
the PVN extending to the border of the
third ventricle. Asymmetric distributions of
neurons containing AVP mRNA were also
observed in more scattered populations of
neurons in the periventricular region, the
lateral portion of the posterior magnocellu-
lar subdivision, the accessory PVN, and a
narrow band of neurons extending over the
dorsal aspect of the fornix. The distribution
of AVP mRNA on the nonlesioned side was
identical to that seen after adrenalectomy
alone (1). Lesions of the ventral and lateral-
intermediate regions of the lateral septal
nucleus extending ventrally to the anterior
commissure were most effective in inducing
this asymmetry. In contrast, lesions placed
in dorsal or medial portions of this nucleus
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did not produce these effects.

The asymmetrical distribution of AVP
mRNA was precisely paralleled by the distri-
bution of AVP immunoreactivity. Consis-
tent with in situ hybridization, septal lesion
resulted in a 56% increase in the number of
AVP-immunoreactive neurons in the rostral
half of the PVN on the side ipsilateral to the
lesion (Fig. 2). The magnitude and extent of
this asymmetry were determined by count-
ing individual neurons in each section
throughout the rostral to caudal extent of
the PVN in three individual cases. The
neuronal distribution of AVP in the su-
praoptic and suprachiasmatic nuclei and the
nucleus circularis remained unaltered by the
septal lesion.

A portion of the newly labeled population
of AVP-immunoreactive neurons overlaps
that reported for oxytocin neurons (16, 17).

350 700

Fig. 2. (A to D) Bright-field photomicrographs illustrating the distribution of AVP-immunoreactive
neurons at four selected levels of the PVN. Sections are arranged rostral to caudal (A to D). The left
sides of these panels are ipsilateral to the septal lesion. On the left side of (A), a population of AVP-
immunoreactive neurons is apparent in the medial ventral portion of this nucleus that is not present on
the right side. The number of immunoreactive neurons constituting this new AVP population increases
in (B) and (C) and expands in a dorsal to ventral direction. Also, the density of immunoreactive neurons
is dramatically enhanced in a narrow band of cells dorsal to the fornix [left sides of (B) and (C)]. (D) An
increased number of immunoreactive neurons is evident in the ventral and lateral portions of the
nucleus. A scattered population of neurons in the medial and periventricular region of this nucleus is
also evident in (A) to (D). (E) Bar graph illustrating the mean (% SD; n = 3 cases) number of AVP-
immunoreactive neurons on each side of the brain. Neurons in serial 20-wm sections are plotted as a
function of their anterior to posterior (A-P) location within the PVN. Neurons on the lesioned side are
depicted by the stippled bars; those on the nonlesioned side are shown in black. The A-P level in (A)
represents A—P zero on the bar graph. The number of neurons indicated on the ordinate was corrected
by the method of Abercrombie (21) and represents 120% of the actual number of immunoreactive
neurons in these sections. The vasopressin antiserum was a rabbit polyclonal (Immuno Nuclear) and
was used in a 1/2000 dilution. The antiserum was completely adsorbed with AVP (1 wg/ml), and the
signal was not diminished after incubation with oxytocin (1 pg/ml).
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In fact, AVP mRNA was detected within
the cytoplasm of a few oxytocin-immunore-
active neurons (Fig. 3, C and D). Moreover,
AVP and oxytocin immunoreactivity ap-
peared to be colocalized in some neurons on
the side ipsilateral to the lesion (Fig. 3, A
and B). These peptides were most frequently
found in neurons in the perifornical region
and accessory PVN. A few scattered neurons
were found within the defined borders of
the PVN. However, expression of AVP in
oxytocin neurons cannot solely account for
this increased AVP population; only a few
neurons appeared to contain both peptides.
Nonetheless, these results suggest that the
nervous system possesses the ability to in-
duce peptide synthesis de novo in response
to specific synaptic events. Oxytocin immu-
noreactivity in the supraoptic nucleus and
anterior commissural nucleus was not influ-
enced by these treatments.

No observable difference in the distribu-
tion of AVP or AVP mRNA occurred in the
regions studied in nonadrenalectomized ani-
mals with septal lesions, or in adrenalecto-
mized animals with lesions limited to the
bed nucleus of the stria terminalis or after
removal of the hippocampus. These effects
were also absent in lesioned, adrenalecto-

mized animals treated with dexamethasone.

The results of this study demonstrate that
a lesion in the ventral lateral septum en-
hances the adrenalectomy-induced expres-
sion of AVP mRNA in the PVN. Previous
physiological studies have demonstrated
that AVP can enhance CRF-induced corti-
costerone release (18). The adrenalectomy-
induced elevation of AVP, and the colocali-
zation of AVP with CREF is likely to be the
anatomical correlate of this effect. It has also
been demonstrated that ablation of the sep-
tum results in an increase of stress-induced
corticosterone levels (19). This result is con-
sistent with the elevation in AVP expression
demonstrated in this study.

We have previously shown that glucocor-
ticoid levels regulate the expression of AVP
mRNA in a subset of AVP neurons in the
PVN (1, 2). A decrease in this particular
class of steroid appears to increase the po-
tential for altering the expression of the
propressophysin gene within this nucleus.
In the present study, adrenalectomy-induced
plasticity in AVP expression is further en-
hanced by ablation of a specific afferent
pathway. This result suggests that synaptic
events may interact with the hormonal envi-
ronment to regulate neuronal phenotypes.

Fig. 3. Fluorescence photomicrographs demonstrating the colocalization of (A) oxytocin- and (B)
AVP-immunoreactive material within the same neuron in a 25-um section ipsilateral to the septal
lesion. Arrows point to individual neurons within the perifornical region, which are unambiguously
labeled with antisera directed against AVP and oxytocin. Bar, 50 wm. Specific labeling is depicted only
by the brightest cells in each of these photos. (C and D) Bright-field photomicrographs of oxytocin-
immunoreactive neurons containing AVP mRNA. Silver grains are shown within the cytoplasm of
these neurons. Bar, 50 pm. Colocalization of these two peptides was not observed on the side
contralateral to the septal lesion. For colocalization studies, animals were perfused with 4% paraformal-
dehyde in a variable pH, two-step procedure (6). The antisera used in this study were completely
adsorbed with 1 pg of the respective peptide per milliliter. The immunoreactivity observed with either
antibody was not influenced by incubation in 5 pg of the alternate peptide per milliliter.
Immunohistochemistry for AVP was done in the presence of oxytocin (1 pg/ml), and that for oxytocin
was done in the presence of AVP (1 pg/ml). The oxytocin antisera were raised in rabbits and used in a
1/2000 dilution. The signal was localized with rhodamine-labeled goat antibody to rabbit immunoglob-
ulin G (IgG) (American Qualex). A mouse-derived monoclonal antibody to AVP (22) was visualized
with fluorescein isothiocyanate—conjugated goat antibody to mouse IgG (American Qualex). No
labeling was observed when either goat secondary IgG was incubated with the alternate species primary
antigen.
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The specificity of these effects is remark-
able in light of the extensive convergence of
afferent synaptic pathways onto the PVN
(9-13). The inability of lesions in the bed
nucleus or in the subiculum to alter AVP
expression suggests that these inputs project
to different neurons within the PVN or,
under these conditions, that only certain
synapses influence the expression of AVP.
On the other hand, the expression of AVP
in a few oxytocin-immunoreactive neurons
in adrenalectomized animals with lateral
septal lesions, in addition to the localization
of AVP in CRF neurons, suggests that
changes in neuronal phenotype consequent
to specific hormonal and synaptic influences
can occur in biochemically distinct popula-
tions of neurons in the adult central nervous
system.

Several studies have reported that septal
fibers (10, 12, 15) and functional septal
synapses (9-13) are distributed on both
AVP and oxytocin neurons in the PVN. In
our study, the effects were limited to a
discrete population of hypothalamic neu-
rons at the rostral level of the PVN. It is
uncertain whether this differential influence
of synaptic input reflects differences in the
factors released at each synapse or differ-
ences in the physiological effects produced
by this input. Furthermore, since numerous
fiber tracts traverse or are in close proximity
to the lesioned area, it cannot be determined
whether direct, monosynaptic projections
from the lateral septum are responsible for
these effects. Nonetheless, afferents to the
PVN arising from, or passing through, the
ventral septum are responsible for the asym-
metries reported here. These results suggest
that the scope of synaptic interactions that
occur between afferent projections and the
hypothalamus include an interaction be-
tween synapse and genome.

These experiments may recapitulate a de-
velopmental process that differentiates the
AVP phenotype. Alternatively, it is possible
that a component of the information that is
signaled synaptically between adult neurons
regularly includes information that can
modulate gene expression. The latter possi-
bility suggests that synaptically mediated
selection of neuronal phenotypes may be a
normal feature of the mature central nervous
system.
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NMDA Receptor Losses in Putamen from Patients

with Huntington’s Disease

ANNE B. YOUNG,* ]J. TIMOTHY GREENAMYRE,
ZANE HOLLINGSWORTH, ROGER ALBIN, CONSTANCE D’AMATO,

IrA SHOULSON, JOHN B. PENNEY

N-Methyl-p-aspartate (NMDA), phencyclidine (PCP), and quisqualate receptor bind-
ing were compared to benzodiazepine, y-aminobutyric acid (GABA), and muscarinic
cholinergic receptor binding in the putamen and cerebral cortex of individuals with
Huntington’s disease (HD). NMDA receptor binding was reduced by 93 percent in
putamen from HD brains compared to binding in normal brains. Quisqualate and
PCP receptor binding were reduced by 67 percent, and the binding to other receptors
was reduced by 55 percent or less. Binding to these receptors in the cerebral cortex was
unchanged in HD brains. The results support the hypothesis that NMDA receptor—
mediated neurotoxicity plays a role in the pathophysiology of Huntington’s disease.

UNTINGTON’S DISEASE (HD) IS AN

autosomal dominant inherited dis-

order characterized by progressive
cognitive decline and involuntary move-
ments starting in mid-life (7). Genetic link-
age studies have localized the HD gene to
the tip of chromosome 4, but the actual
gene has not been isolated, and the HD
biochemical defect is still unknown (2).
Pathologically, HD is characterized by ex-
tensive neuronal loss in the caudate nucleus
and putamen, and relative sparing of neu-
rons in the rest of the brain (3). Striatal
afferent pathways are largely spared. Among
the neurochemical correlates of striatal neu-
ron loss are decreases in striatal glutamate
decarboxylase (GAD) activity, GABA, and
substance P (4). Kainate, the glutamate ago-
nist and neurotoxin, produces a loss of
GABA and GAD when it is injected into
rodent striata; afferent terminals and fibers
of passage are spared. It was hypothesized
that HD may be due to a genetic susceptibil-
ity to an exogenous or endogenous neuro-
toxin (5). The kainate model for HD be-
came less attractive, however, when kainate
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was found to destroy all striatal neurons,
whereas, in HD striatum, certain neurons
were spared (6). Striatal injections of quino-
linic acid, an endogenous neurotoxin, pro-
duced both the GABA losses and the selec-
tive sparing seen in HD (7). Although these
findings have been challenged (8), studies in
rodents and primates support the original
observation (9). Quinolinic acid exerts its
effects through a subtype of excitatory ami-
no acid receptor, the N-methyl-p-aspartate
(NMDA) receptor; NMDA receptor antag-
onists block quinolinate neurotoxicity (9,
10).

If NMDA receptors are involved in the
pathogenesis of HD, cells with high densi-
ties of NMDA receptors should be preferen-
tially lost in HD striatum, and NMDA
receptor density should decline concommi-
tantly. We examined this possibility by mea-
suring NMDA and other receptors in cere-
bral cortex and putamen from HD brains.

Blocks of tissue were cut from frozen
coronal sections through midputamen and
globus pallidus of HD and control brains.
The blocks included insular cortex and were

coded and assayed by persons blind to the
clinical diagnosis (11). In initial experi-
ments, [*H]glutamate binding to NMDA-
sensitive and quisqualate-sensitive binding
sites was measured. Sections from seven HD
and six control brains (11) were washed with
cold buffer for 30 min and then incubated in
20 nM [*H]glutamate and 50 mM tris-HCl
buffer, pH 7.2, containing 2.5 mM CaCl,
with or without 100 puM NMDA, 2.5 pM
quisqualate, 100 pM NMDA plus 2.5 uM
quisqualate, or 1 mM glutamate as a blank
(12).

[*H]Flunitrazepam binding to benzodi-
azepine receptors, [*’H]muscimol binding to
GABA receptors, and [*H]quinuclidinyl
benzilate binding to muscarinic cholinergic
receptors were measured in the same group
of brains (11, 13). All sections were placed in
x-ray cassettes with appropriate standards,
apposed to tritium-sensitive Ultrofilm *H
(LKB), exposed for 1 to 6 weeks, and
developed and analyzed by computer-assist-
ed densitometry (12, 13). Five to eight
readings in each area were averaged. Insular
cortex and putamen were examined; caudate
nucleus was too small to analyze reliably.

In control putamen, NMDA (100 pM)
competed for only 15% of total glutamate
binding in tris-HCI-CaCl, buffer; quisqua-
late (2.5 pM) competed for 35% (14). In
cerebral cortex, 25% of total glutamate
binding was NMDA sensitive and 50% was
quisqualate sensitive. In HD putamen, both
total glutamate and quisqualate-sensitive
binding were reduced 67% in HD brains
compared to control. The NMDA-sensitive
binding was reduced 95% in HD compared
to controls (Fig. 1). In this group of brains,
there were significant but smaller decreases
in muscarinic cholinergic (50%), GABA4
(55%), and benzodiazepine receptors
(55%) in HD putamen. The decreases in
NMDA receptors were not statistically sig-
nificant as compared to other receptors
[P <0.07, Kruskal-Wallis nonparametric
one-way analysis of variance (ANOVA)].
Insular cortex receptor binding for all li-
gands was normal in HD brains.

Because only 15% of glutamate binding
in tris-HCI-CaCl, buffer was sensitive to
NMDA, we examined an additional five
HD and six control brains (11) with the
assay described above, as well as with two
more specific assays for the NMDA receptor
complex. In one assay for NMDA receptors,
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