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LIAL CELL LINE-DERIVED NEUROTROPHIC FACTOR GENE
HERAPY AMELIORATES CHRONIC HYPERPROLACTINEMIA IN

ENILE RATS
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bstract—Progressive dysfunction of hypothalamic tu-
eroinfundibular dopaminergic (TIDA) neurons during nor-
al aging is associated in the female rat with chronic hyper-

rolactinemia. We assessed the effectiveness of glial cell
ine-derived neurotrophic factor (GDNF) gene therapy to re-
tore TIDA neuron function in senile female rats and reverse
heir chronic hyperprolactinemia. Young (2.5 months) and
enile (29 months) rats received a bilateral intrahypothalamic

njection (1010 pfu) of either an adenoviral vector expressing
he gene for b-galactosidase; (Y-bgal and S-bgal, respec-
ively) or a vector expressing rat GDNF (Y-GDNF and S-GDNF,
espectively). Transgenic GDNF levels in supernatants of
DNF adenovector-transduced N2a neuronal cell cultures
ere 2564 ng/ml, as determined by bioassay. In the rats,
erum prolactin (PRL) was measured at regular intervals. On
ay 17 animals were sacrificed and neuronal nuclear antigen
NeuN) and tyrosine hydroxylase (TH) immunoreactive cells
ounted in the arcuate–periventricular hypothalamic region.
he S-GDNF but not the S-bgal rats, showed a significant
eduction in body weight. The chronic hyperprolactinemia of
he senile females was significantly ameliorated in the S-
DNF rats (P<0.05) but not in the S-bgal rats. Neither age nor
DNF induced significant changes in the number of NeuN
nd TH neurons. We conclude that transgenic GDNF amelio-
ates chronic hyperprolactinemia in aging female rats, prob-
bly by restoring TIDA neuron function. © 2010 IBRO. Pub-
ished by Elsevier Ltd. All rights reserved.

ey words: aging, DA neurodegeneration, TIDA neurons,
hronic hyperprolactinemia, GDNF, gene therapy.
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edium; GDNF, glial cell line-derived neurotrophic factor; GFR a,
lycosylphosphatidylinositol-anchored GDNF receptor-a; GFP, green
uorescent protein; HEK293, human embryo kidney 293 cells; IF,
mmunofluorescence; mCMV, mouse cytomegalovirus immediate early
romoter; mo, months; PaV, paraventricular nucleus; PeV, periventricular
p
ucleus; PRL, prolactin; RAd, recombinant adenoviral vector; TIDA, tu-
eroinfundibular dopaminergic; TH, tyrosine hydroxylase.
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he dopaminergic (DA) neurons of the rat hypothalamus
re grouped into two main areas, A12 and A14, (Dahlström
nd Fuxe, 1964; Tillet and Kitahama, 1998) with the DA
erikarya of the A12 area being located in the arcuate
ARC) nucleus and in the periarcuate region (Kawano and
aikoku, 1997). The A14 DA neurons are mainly located
ithin the paraventricular (PaV) and periventricular (PeV)
uclei, with a few scattered DA neurons in the anterior
entromedial (AVM) hypothalamic area (Kawano and
aikoku, 1997; Goudreau et al., 1992). The A12 area and

ts corresponding axon terminals constitute the tuberoin-
undibular (TIDA) system, whereas the A14 area and its
bers are known as the periventricular dopaminergic sys-
em. Both systems regulate prolactin (PRL) secretion by
xerting a tonic inhibitory control on both PRL secretion
nd lactotroph proliferation (Ben-Jonathan et al., 1989).

In female rats, aging brings about a progressive dys-
unction and loss of TIDA neurons. Degeneration and loss
f TIDA neurons during normal aging is associated, in the
emale rat, with a progressive hyperprolactinemia (Goya et
l., 1990) and the development of pituitary prolactinomas
Cónsole et al., 1997). This neuroendocrine pathology pro-
ides a unique animal model to assess the efficacy of
herapeutic strategies aimed at protecting central DA neu-
ons. Interestingly, Parkinsonian patients were reported to
how functional alterations in the hypothalamo-PRL axis
Cusimano et al., 1991).

Glial cell line-derived neurotrophic factor (GDNF), a
istant member of the transforming growth factor b (TGFb)
uperfamily, is a potent factor promoting dopamine uptake,
urvival of embryonic DA neurons and regeneration of
esencephalic DA neurons in rodents and non-human
rimates treated with dopaminergic neurotoxins (Tomac et
l., 1995; Bjorklund et al., 1997; Bowenkamp et al., 1995;
ash et al., 1996; Hoffer et al., 1994). In rats and non-
uman primates, stereotaxic injection in the striatum or in
he substantia nigra (SN) of adenoviral, lentiviral or adeno-
ssociated viral (AAV) vectors for GDNF has been shown
o protect nigral DA neurons from the toxic action of dopa-
inergic toxins (Choi-Lundberg et al., 1997; Mandel et al.,
997; Lapchak et al., 1997a; Bilang-Bleuel et al., 1997;
ordower et al., 2000; Connor et al., 1999).

It is well-established that GDNF signals through a mul-
ireceptor complex composed of a glycosylphosphatidyli-
ositol-anchored GDNF receptor-a (GDNFR-a) and the
eceptor tyrosine kinase product of the c-ret proto-onco-
ene (RET). In situ hybridization studies in the adult rat
rain have shown that GDNFR-a, but not RET, is ex-

ressed throughout the hypothalamus (Trupp et al., 1997).

s reserved.
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n the arcuate nucleus of the prepuberal rat, the mRNAs
or GFRa-1 and GFRa-2 are strongly expressed
hereas the levels of mRNA for RET are low in this region

Burazin and Gundlach, 1999). There is no information on
he impact of aging on GDNF receptors in the hypothala-
us. Functionally, there is evidence that GDNF is active in

he hypothalamus as it induces body weight loss and ame-
iorates age-related obesity in rats (Lapchak et al., 1997b;
umer et al., 2006). However, there is no documented

nformation on the possible restorative activity of GDNF on
IDA function in aged female rats. We used an adenoviral
ector harboring the gene for rat GDNF in order to imple-
ent GDNF gene therapy in the hypothalamus of hyperp-

olactinemic senile female rats. The present report docu-
ents our findings.

EXPERIMENTAL PROCEDURES

nimals

oung (2.5 mo.) and senescent (29 mo.) female Sprague–Dawley
ats, raised in our institution (INIBIOLP), were used. Animals were
oused in a temperature-controlled room (2262 °C) on a 14:10 h

ight/dark cycle. Food and water was available ad libitum. In our
ging rat colony, the average 50% survival time for females,
tudied in groups of 50–60 animals, is 31 months (range 29–33
o.). All experiments with rats were performed using IACUC
pproved procedures and Animal Welfare Guidelines of NIH
INIBIOLP’s Animal Welfare Assurance No A5647-01).

xperimental design for in vivo GDNF gene therapy

oung and senescent females were allotted to a control or exper-
mental group, thus forming four groups: Young control (YC),
oung experimental (YE), senescent control (SC) and senescent
xperimental (SE). Beginning at experimental day -3, a small
lood sample (0.3–0.4 ml) was taken from the tail veins of all rats
t the indicated times (Fig. 1). Serum was obtained and kept at
20 °C for hormone assay. Animals were weighed on different
xperimental days.

On Experimental day 0, control and experimental animals
eceived bilateral 10-ml intrahypothalamic injections containing
31010 pfu of either RAd-bgal (an adenoviral vector expressing
he gene for b-galactosidase) or RAd GDNF (a vector express-
ng the gene for rat GDNF), respectively, with both transgenes
nder the control of the cytomegalovirus (CMV) promoter. For this

ig. 1. Experimental design for GDNF gene therapy in the hypothala
3, 5, 10 and 17, taking 0.3–0.4 ml blood from the tail veins in each sa

njected in the hypothalamus of young and senile animals on experimental day
o color in this figure legend, the reader is referred to the Web version of this a
urpose, rats were anesthetized by injection of ketamine hydro-
hloride (40 mg/kg i.p.; Ketalar, Parke Davis, Argentina) and
ylazine (8 mg/kg i.m.; Rompum, Bayer, Argentina), and placed in
stereotaxic frame. In order to access the arcuate–periventricular

ARC–PeV) region, the tip of a 26 gauge needle fitted to a 10 ml
yringe was brought to the following coordinates relative to the
regma: 3.0 mm posterior, 10.0 mm ventral and 0.6 mm right and

eft (Paxinos and Watson, 1998).
On experimental day 17, animals were placed under deep

nesthesia and perfused with phosphate buffered formaldehyde
%, (pH 7.4) fixative. Each brain was removed and trimmed down
o a block containing the whole hypothalamus. The block was then
erially cut into coronal sections 40 mm thick on a freezing mic-
otome.

mmunohistochemistry and immunofluorescence

n each block, one every six serial sections was selected in order
o obtain a set of non-contiguous serial sections spanning the
hole hypothalamus. Typically, a whole hypothalamus comprised
bout 48 coronal sections, thus yielding six sets of eight non-
ontiguous serial sections (240 mm apart). For counting purposes,
ach set was considered as representative of the whole hypothal-
mus. For each animal, one set of sections was immunohisto-
hemically processed using an anti-tyrosine hydroxylase (TH)
onoclonal antibody (Calbiochem INC, La Jolla, CA, USA). An-
ther set was immunohistochemically processed using an anti-
euronal nuclear antigen (NeuN) marker monoclonal antibody
MAB377, Chemicon Inc., Temecula, CA, USA). For detection, the
ectastain® Universal ABC kit (Vector Laboratories, Inc., Burlin-
ame, CA, USA) employing 3,3-diamino benzidine tretrahydro-
hloride (DAB) as chromogen, was used. Sections were dehy-
rated, mounted and used for image analysis.

In brain sections of some of the rats, GDNF was detected by
mmunofluorescence (IF) using a primary mouse monoclonal an-
ibody against human GDNF (MAb212, R&D Systems, Minneap-
lis, MN, USA) and a goat anti mouse IgG antibody conjugated to
lexa 488® (Invitrogen, Argentina). Representative hypothalamic
ections were photographed with a 203 objective, whose space
alibration corresponded 0.625 mm/pixel with a resolution of
36031024 pixels with a pixels depth of 24 bits RGB.

mage analysis

he hypothalamic A12 and A14 areas were captured using an
lympus DP70 digital video camera attached to an Olympus
X51 microscope (Tokyo, Japan). Sections were analyzed using

he ImagePro Plus (IPP™) v5.1 image analysis software (Media
ybernetics, Silver Spring, MA, USA). The counting of TH-immu-

ung and senile female rats. Animals were bled at experimental days
Ad-bgal (controls) or RAd-GDNF (experimental) were stereotaxically
mus of yo
mpling. R
0. See Results for further details. For interpretation of the references
rticle.
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oreactive (TH-IR) and NeuN-immunoreactive (NeuN-IR) neurons
as carried out by the optical fractionator method (West et al.,
991) on the sections corresponding to the ARC–PeV region
hich is located between coordinates 21.30 up to 24.00 from the
regma (Paxinos and Watson, 1998). In each section of a given
ypothalamic set (see above) optical dissectors were delineated.
hey were 3003300315 mm3 cubes spaced in a systematic

andom manner 600 mm apart and offset 3 mm from the section
urface.

ormone assay

or all hormones, serum samples were assayed in duplicate.
erum PRL was measured by a specific radioimmunoassay (RIA),
sing the rat materials provided by Dr. A. F. Parlow, Pituitary
ormones and Antisera Center, Harbor-UCLA Medical Center,
orrance, CA, USA. Serum PRL was expressed in terms of NHPP
PRL Reference Preparation-3.

ioassay for GDNF

he neurotrophic bioactivity generated by RAd-GDNF was esti-
ated by bioassay of supernatants from N2a (mouse neuroblas-

oma) cells incubated for 3 days with either RAd-GDNF or RAd-
gal (control) at a multiplicity of infection (MOI) of 2.

The bioassay was performed according to the protocol origi-
ally described by Ebendal (1989) slightly modified by Carri et al.
1998), using highly sensitive neurons from explanted sympathetic
anglia from chick embryo placed in a 3D collagen gel. Briefly,
ggs from domestic hens (white Leghorn) were incubated at
8 °C, 60% relative humidity, and turned every 6 h. Sympathetic
anglia were obtained from day 8–9 embryos, and placed in
agle’s Basal Medium (EBM) at room temperature and the dis-
ections were performed under sterile conditions using a ste-
eomicroscope placed in a horizontal laminar flow cabinet. After
emoval of surrounding tissues, ganglia were taken with the aid of
tweezer for easy handling and placed in collagen gels that were
repared according to Elsdale and Bard (1972). Ganglia were
laced on a drop of culture medium in the center of plastic culture
ishes (35 mm in diameter) and then were filled with 0.1 ml
ollagen medium mixture which was allowed to set. The ganglia
ere explanted inside the gel which seemed to facilitate nerve
ber spread. For routine purposes, the nutrient medium of the gel
as EBM supplemented with 1% fetal calf serum. A further 0.1 ml
f EBM or N2a cell supernatant was added to the gel in order to
xpose the ganglia to bioactive activity of the preparation tested
nd explants were incubated for 2 days without replacing the
edium, at 37.5 °C, 80% relative humidity, in an atmosphere

ontaining 5% CO2.
Neurotrophic activity was determined by scoring fiber out-

rowth on a semiquantitative scale, grading fiber outgrowth from 0
lowest) to 5 (highest) as described in the original method (Eben-
al, 1989). A standard curve was performed using recombinant
uman GDNF (Peprotech Inc., Rocky Hill, NJ, USA) at final con-
entrations ranging from 5 to 50 ng/ml.

Some ganglia cultured for 2 days were fixed in 4°/o formal-
ehyde in phosphate buffer (0.1 M, pH 7.4) for 1 h, postfixed in the
ame fixative for another hour and the complete whole mounth
reparations photographed with an inverted microscope (Leitz
iavertl using dark-field, phase contrast or epifluorescense). For

nmunofluorescence, the 3D ganglion-collagen-gel preparations
ere incubated with a rabbit serum anti-NF200 neurofilament

1:100; Amersham, UK), using a Cy2-conjugated anti-rabbit IgG
erum (1:500; Amersham) as second antibody.

tatistical analysis

he analysis of variance (ANOVA) was used to evaluate group

ifferences. Tukey’s method was chosen as a post hoc test. c
ignificant differences between rat groups were defined as those
ith a P,0.05. Data were expressed as 36SEM.

RESULTS

ffect of hypothalamic GDNF gene transfer on body
eight and serum PRL

t the end of the treatment, the rats injected with RAd-
DNF showed a lower body weight than the correspond-

ng RAd-bgal controls (Fig. 2). Although this body weight
ifference was evident at all times after vector injection, all
ats (control and experimental) lost weight during the first
ays post-stereotaxic surgery. As expected, at the begin-
ing of the study all senile rats were significantly hyperp-
olactinemic (all senile vs. all young, 5564 (13) vs. 2861
11) ng/ml, respectively; P,0.01). At the end of the treat-
ent, serum PRL levels showed a substantial (41%) fall in

he senile rats as compared to RAd-bgal counterparts,
hereas in the young rats the treatment elicited only a mild

eduction in serum PRL (Fig. 3).

ransgenic GDNF bioactivity

fter two-day incubation with purified recombinant hGDNF
anglionar explants showed, as expected, good survival
nd robust neurite outgrowth (data not shown). A similar
timulatory action on explant survival and neurite out-
rowth was observed in sympathetic ganglia exposed to
upernatants from N2a cells incubated with RAd-GDNF
Fig. 4, right main panels). Based on a GDNF standard

ig. 2. Effect of 17-day hypothalamic GDNF gene therapy on body
eight of young and senile rats. Note that young control rats were still
rowing whereas the control senile animals had long reached growth
tasis. Bars and numbers on columns represent SEM and n-values,
espectively. * P,0.05; ** P,0.01.
urve for fiber outgrowth, the concentration of bioactive
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DNF in the RAd-GDNF cell supernatants was estimated
o be 2564 ng/ml (n52) and nondetectable in the RAd-
gal cell supernatants.

mmunoreactive transgenic GDNF expression

eventeen-day GDNF gene therapy was implemented ac-
ording to the experimental design described in Experi-
ental Procedures (Fig. 1). No GDNF immunoreactive

GDNF-IR) cells were detected in the hypothalamus of
ntact young and senile rats (data not shown). Injection of
oth RAd-bgal and RAd-GDNF in the ARC–PeV region
f young and senile rats induced the appearance of a
ubstantial number of GDNF-IR cells around the injection
rea. However, 10 days post vector injection only the
Ad-GDNF-injected animals still showed GDNF-IR cells in

he ARC–PeV region (Fig. 4).

ack of effect of GDNF on hypothalamic TH-IR and
euN-IR neuron number

he TH-IR and NeuN-IR neuronal populations (Figs. 5 and 6,

ig. 3. Effect of intrahypothalamic injection of RAd-bgal or RAd-
DNF on serum PRL profiles in young and senile rats. The lower and
pper panels correspond to young (2.5 mo.) and senile (29 mo.)
emales, respectively. The columns in light gray (Exptl. Day -3) indi-
ate pre-injection PRL levels. Note that at pre-injection time all senile
emales were hyperprolactinemic as compared with reference values
rom intact young female rats (dotted line). YC, YE, SC and SE
orrespond to young control, young experimental, senescent control
nd senescent experimental, respectively. The number of animals was
ix, seven, five and six, for YC, YE, SC and SE, respectively. Bars over
olumns represent SEM values. Asterisks over columns indicate sig-
ificant difference from day -3 values.
espectively) were morphometrically assessed in the a
RC–PeV region of young and senile rats. The number of
either NeuN-IR nor TH-IR neurons in the ARC–PeV nu-
lei was significantly affected by GDNF gene therapy at
ny age (Table 1). NeuN-IR cells showed a trend (P,0.08)
owards an age-related reduction in this region.

DISCUSSION

number of in vivo models have been developed for the
tudy of the pathophysiology of Parkinson’s disease, as
ell as for the assessment of new therapeutic strategies

or this devastating disease. They include the use of neu-
otoxins to lesion nigral DA neurons in primates and ro-
ents and the generation of transgenic models overex-
ressing a-synuclein (Shimohama et al., 2003). Although
ach of these paradigms has provided valuable informa-
ion for the understanding of Parkinson’s disease, they
hare a significant limitation namely, that the neurological

esions they study are caused by experimental manipula-
ions rather than by aging, the only unequivocal risk factor
or Parkinson’s disease (de Rijk et al., 1995; Mayeux et al.,
995). In this context, the TIDA system of the aging female
at emerges as a relevant model of spontaneous and
rogressive age-related DA dysfunction. Furthermore, the
unctional status of TIDA neurons can be readily monitored
n the rats by measuring circulating PRL levels. The ad-
antages of the neuroendocrine system for the evaluation
f gene therapy strategies in the CNS has already been
emonstrated in the Brattleboro rat, a mutant lacking argin-

ne–vasopressin (AVP) which is used as a model of dia-
etes insipidus (Valtin, 1992). When an adenoviral vector
ncoding the rat AVP cDNA was stereotaxically injected

nto the supraoptic nucleus of Brattleboro rats, a substan-
ial expression of AVP in magnocellular cells as well as the
resence of immunohistochemically detectable AVP in
heir axons projecting to the posterior pituitary were de-
ected. Measurement of urine output and urine osmolality
howed that the symptoms of diabetes insipidus in the
rattleboro rats were significantly reduced for up to 4
onths after injection of the viral vector (Geddes et al.,
997).

In addition to a slight loss of hypothalamic DA neurons
see below), the senile female rat also shows a moderate
33%) but significant loss of TH-IR nigral neurons as well
s a marked decline in motor performance relative to
oung counterparts (Sanchez et al., 2008). The aging Rhe-
us monkey constitutes another (less amenable) model of
pontaneous DA nigral neuron loss. Thus, it has been
eported that 25–27 years old monkeys show a 50% TH
mmunoreactive and a 33% dopamine transporter-immu-
oreactive nigral neuron loss compared to 3–5 year old
ounterparts. These changes were associated with impair-
ent of fine motor task performance and home cage ac-

ivity (Emborg et al., 1998).
The present report constitutes a follow up study on the

bility of different neurotrophic factors to restore the func-
ion of aged TIDA neurons. We have previously docu-
ented that insulin-like growth factor I (IGF-I) gene ther-

py in the hypothalamus of senile female rats is highly
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ffective in restoring hypothalamic DA neuron function and
orrect the chronic hyperprolactinemia associated with de-
ressed TIDA neuron function in old rats (Hereñú et al.,

ig. 4. In vivo immunoreactivity and in vitro bioactivity of transgenic GD
F 10 days after vector injection in the hypothalamus. YC, YE, SC, an
enescent experimental rats, respectively. Insets in central panels
DNF-induced fiber outgrowth in 9-day chick embryo sympathetic gang
ith RAd-GDNF. Upper panel shows a dark field image; lower panel s
rocedures. Scale bar for left and center main panels corresponds to

n right main panels correspond to 500 mm. For interpretation of the re
f this article.

ig. 5. Tyrosine hydroxylase immunoreactive neurons in the hypo-
halamus of control and experimental young and senile rats. Animals
ere sacrificed 17 days post vector injection and their hypothalami
ubmitted to IF for TH. The panels show the arcuate–periventricular
egion. Scale bars correspond to 200 mm. Other details are as in Fig.

. For interpretation of the references to color in this figure legend, the
eader is referred to the Web version of this article.

i
l

007). The present results show that GDNF is also able to
educe the chronic hyperprolactinemia of senile females
lbeit to a lesser extent than IGF-I. An effective in vivo

and central main panels. Rats were perfused and processed for GDNF
espond to young control, young experimental, senescent control and
e framed areas at higher magnification. Right main panels show
ed for 2 days in the presence of supernatants from N2a cells incubated
for NF200 neurofilament protein. For further details see Experimental
. Scale bars in central panel insets correspond to 25 mm. Scale bars
to color in this figure legend, the reader is referred to the Web version

ig. 6. NeuN immunoreactive neurons in the hypothalamus of control
nd experimental young and senile rats. Animals were sacrificed 17
ays post vector injection and their hypothalami submitted to IF for the
euN mature neuron marker. The panels show the arcuate–periven-

ricular region. Scale bars correspond to 200 mm. Other details are as
NF. Left
d SE corr
show th
lia cultur
hows IF
200 mm
n Fig. 4. For interpretation of the references to color in this figure
egend, the reader is referred to the Web version of this article.
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xpression of transgenic GDNF by RAd-GDNF is indicated
y the positive immunoreactivity for GDNF in the hypothal-
mus of the RAd-GDNF-treated rats. The robust fiber out-
rowth induced in chick embryo sympathetic ganglia by
upernatants of cells incubated with RAd-GDNF further
onfirms that our vector expresses significant levels of
ioactive GDNF as the bioassay is highly sensitive for this

actor (Ebendal et al., 1995).
The RAd-GDNF treatment elicited only a mild reduc-

ion in serum PRL in the young rats. The rats treated with
Ad-GDNF showed a lower body weight than the corre-
ponding controls which is consistent with the known body
eight reducing activity of GDNF in Parkinsonian patients
nd monkeys (Nutt et al., 2003; Zhang et al., 1997) as well
s in normal rats (Lapchak et al., 1997). In a study in which
DNF gene therapy was implemented in the rat hypothal-
mus, injection of an AAV expressing GDNF was able to
meliorate the obesity of 23-month old male Fischer 344
ats. The weight loss, which occurred in both young and
ld animals, was associated with decreased food intake
nd increased energy expenditure but not with changes in
ypothalamic dopamine or TH protein levels (Tumer et al.,
006). Despite the differences in age, sex and strain,
etween this study and ours, the findings are in agreement
oncerning the effect of intrahypothalamic GDNF on body
eight in young and old rats. In both studies an initial

eduction in body weight was observed in both young and
ld control rats injected with a vector expressing a reporter
ene. In our animals, we noticed that intrahypothalamic

njection of RAd-bgal (or even saline) induced a significant
ut transient expression of GDNF around the injection area
data not shown). Therefore, we believe that the initial
ody weight loss observed in the control animals may be
ue not only to the effect of surgery but also to the action
f endogenous GDNF expression. It has been recently
eported that injection in the SN of 25-month old male
ischer 344 rats of an AAV expressing GDNF induced a
ore profound body weight loss than injection of the same

ector in the hypothalamus (Manfredsson et al., 2009).
he authors suggest that this effect may be mediated by
ctivation of corticotropin releasing hormone neurons in
he parvocellular division of the PaV nucleus.

In early studies, TIDA neuron function was reported to

able 1. Effect of 17-day hypothalamic GDNF gene therapy on TH and
euN neuron number in the ARC–PeV of young and senile female rats

RC–PeV nucleus

xptl. group TH neuron
number

NeuN neuron
number

TH/NeuN
ratio

-bgal (3)a 11166198 33066427 0.34
-GDNF (4) 9426102 35346240 0.27
-bgal (4) 10086120 3048690 0.33
-GDNF (3) 8466216 29106360 0.29

Data are expressed as 36SEM. The one-way ANOVA for TH
eurons was NS (P.0.20) as was the ANOVA for NeuN neurons
P.0.05). Consequently, no post ANOVA tests were carried out.
Represents the number of animals assessed per group.
ecline during aging in rats, with a marked reduction in R
ypothalamic, median eminence and neurointermediate
obe DA content in old (24–26 mo.) compared to that of
oung (4 mo.) rats (Porter et al., 1980). More significant,
he rate of DA secretion into the hypophysial portal blood of
ged (20–26 mo.) male and female rats was found to
ecline drastically when compared with young (2–4 mo.)
ounterparts (Reymond and Porter, 1981; Gudelsky et al.,
981). Although the above age-related alterations in hypo-
halamic DA secretion were ascribed to a functional de-
line of TIDA neurons rather than to TIDA neuron loss
Porter et al., 1994), more recent work in very old female
ats (32 mo.) showed that at extreme ages, some DA
euron loss (26%) does occur in the rat hypothalamus
Sanchez et al., 2003). The significant hyperprolactinemia
f our senile rats in the face of minimal or no TIDA neuron

oss supports the hypothesis proposed by others, namely
hat in the aging female rat most TIDA neurons survive but
ecome progressively dysfunctional (Porter et al., 1994).
n this context, the significant reversion of chronic hyper-
rolactinemia effected by RAd-GDNF, but not RAd-bgal,
reatment in the senile females, suggests that expression
f transgenic GDNF in the hypothalamus of the aged an-

mals partially restored (directly or indirectly) DA neuron
unction without significantly affecting DA neuron number.

In aged Rhesus monkeys GDNF gene therapy using a
entiviral vector was reported to increase the number of
H-IR nigral neurons by 85% relative to control old animals
Kordower et al., 2000). In another study in which AAV-
DNF was injected unilaterally into the putamen of aged
hesus monkeys, the number of nigral DA neurons, DA

urnover and fiber density were increased only on the
reated side (Johnston et al., 2009). These findings are in
ontrast to our results in the rat hypothalamus in which
here was no significant effect of GDNF on TIDA neuron
umber in the aged rats. Whether the findings in old Rhe-
us monkeys indicate that GDNF induces DA neurogen-
sis in the SN (but not in the hypothalamus) remains to be

nvestigated. An alternative explanation may be that in
ged animals, a portion of the nigral DA, but not TIDA,
eurons have depressed expression of TH, which is
trongly upregulated by GDNF in the former but not in the

atter. Our findings, when considered together with those
rom the other studies summarized here, suggest that the
unction of DA neurons in both the nigra and the hypothal-
mus of aged animals can be restored by GDNF.

The present study describes the implementation of
estorative gene therapy in a little explored animal model of
ge-related central DA neuron dysfunction. Using this par-
digm we demonstrated that GDNF gene therapy in the
ypothalamus of hyperprolactinemic senile female rats is
ffective in ameliorating their chronic hyperprolactinemia,
ossibly by stimulating TIDA neuron function.
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