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Abstract

In previous studies we have characterized the expression
of the cystic fibrosis transmembrane conductance regulator
(CFTR) protein in clathrin-coated vesicles derived from
bovine brain and in neurons of rat brain. In this study
we have further characterized the expression of the CFTR
protein mRNA and protein in rat brain with reverse tran-
scriptase polymerase chain reaction amplification (RT-
PCR), in situ hybridization, and immunocytochemistry.
The expression of CFTR mRNA and protein in discrete
areas of brain, including the hypothalamus, thalamus, and
amygdaloid nuclei, which are involved in regulation of appe-
tite and resting energy expenditure, is identical. The pres-
ence of CFTR in neurons localized to these regions of brain
controlling homeostasis and energy expenditure may eluci-
date the pathogenesis of other nonpulmonary and gastroin-
testinal manifestations which commonly are observed in
children with cystic fibrosis. Dysregulation of normal neuro-
peptide vesicle trafficking by mutant CFTR in brain may
serve as a pathogenic mechanism for disruption of homeo-
stasis. (J. Clin. Invest. 1995. 96:646—-652.) Key words: cystic
fibrosis » neuropeptide secretion « vesicle trafficking - energy
expenditure

Introduction

Cystic fibrosis (CF)' is characterized by defective electrolyte
transport in epithelial cells of several organ systems including
the lung, liver, intestine, and pancreas (1-4). Other clinical
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manifestations that are observed include subnormal height and
weight related to malabsorption, pancreatic insufficiency, an-
orexia, and increased resting and total energy needs (5-8). The
gene responsible for CF encodes a 1480 amino acid protein
which has been sequenced, termed the cystic fibrosis transmem-
brane conductance regulator (CFTR). The primary structure
of CFTR consists of 12 transmembrane-spanning domains, 2
nucleotide-binding domains (NBF1 and NBF2), and a regula-
tory domain (R domain) (9). In addition to CFTR functioning
as a cAMP-dependent chloride channel in epithelial tissues,
CFTR is a cAMP-dependent water and bicarbonate channel, a
regulator of membrane recycling, and a modulator of the out-
wardly rectified chloride channel (10-15).

Regulation of vacuolar pH in intracellular organelles plays
a critical role in receptor-mediated endocytosis, intracellular
membrane trafficking, and secretion. If the cystic fibrosis pheno-
type is expressed intracellularly, vacuolar acidification in epi-
thelia expressing the CF defect would be abnormal (16). CFTR
expression has been demonstrated at the ultrastructural level in
sweat duct endosomes and may regulate vacuolar acidification
(17-20). Whether receptor-mediated endocytosis, membrane
trafficking, and targeting of proteins in any affected organ are
defective in CF remains to be confirmed. Our previous work -
has demonstrated that a common mechanism is used in the
protein kinase A-dependent phosphorylation regulation of
chloride channels in plasma membrane, and in intracellular
chloride channels of clathrin-coated vesicles derived from bo-
vine brain (21, 22). The identification of CFTR within clathrin-
coated vesicles derived from bovine brain and expression of
CFTR in rat brain lends support for its role in intracellular
functions. Neuron-specific CFTR function could regulate neuro-
transmitter-dependent control of energy expenditure.

To understand the potential regulation of membrane traf-
ficking by CFTR, we extend our previous observation by dem-
onstrating that multiple areas of the rat brain, express CFTR
protein and mRNA (21). Whether CFTR regulates neuropep-
tide secretion, neurotransmission, and abnormal homeostatic
functions in humans remains unknown. We propose that other
common nonpulmonary manifestations of CF, although not rep-
resenting obvious cortical dysfunction, may reflect altered neu-
ronal functions through disruption of normal neuropeptide vesi-
cle trafficking by mutant CFTR.

Methods

Cell and tissue preparation. NIH 3T3 and 3T3-CFTR cells were a gift
of Michael Welsh of the University of Iowa. The cells were grown in



Dulbecco’s modified medium (Irvine Scientific, Santa Ana, CA) with
10% FBS (Intergen Co. Purchase, NY) and 1% penicillin/streptomyo-
cin (GIBCO BRL, Gaithersburg, MD) in a 5% CO, humidified atmo-
sphere at 37°C. The 3T3-CFTR cells were split or fed every 2—-3 d and
harvested with trypsin-EDTA (GIBCO BRL) for RNA isolation (see
below). )

Animal model and rat brain preparation. Sprague-Dawley rats
weighing from 250 to 500 grams were fed ad lib. within the Live
Animal Facility at the Children’s Hospital of Philadelphia with rat chow
(Ralston Purina Co., St. Louis, MO) and water until death. Rats were
anesthetized with intramuscular ketamine (85 mg/kg) and xylazine (12
mg/kg) and perfused transcardially with heparinized PBS and 4% para-
formaldehyde. After perfusion cervical dislocation was performed and
brains were harvested for experiments detailed below. All studies were
approved by the Institutional Animal Care and Usage Committee at the
Children’s Hospital of Philadelphia.

Peptide synthesis and antibody generation. Affinity-purified poly-
clonal peptide antibodies, pAb3145 and pAb3147, were prepared
through immunization of rabbits with the peptide antigen, KEETEE-
EVQDTRL, derived from the COOH-terminal amino acids (sequence
no. amino acids 1468—1480 of the human CFTR protein) (23, 24). 600
pl rabbit sera was applied to a 2-ml peptide-conjugated epoxy-Sepharose
6B column (Sigma Chemical Co., St. Louis, MO) prepared through
standard protocol and incubated at 4°C overnight. Elution conditions of
the column were those described previously (23, 24).

Epitope mapping of specific anti-CFTR antibodies, pAb3145 and
pAb3147. The exact site of recognition by antibodies, pAb3145 and
pAb3147, was determined using the SPOTS methodology (Cambridge
Research Biochemicals, Cambridge, MA). This protocol involves the
reaction of an amino acid to an activated membrane followed by depro-
tection and further sequential amino acid addition to generate many
short overlapping peptides. This reaction technique generated the pep-
tide sequence, KPQIAALKEETEEEVQDTRL, containing the CFTR
terminal sequence. The test antibodies, pAb3145, pAb3147, monoclonal
antibody 24-1 (Genzyme Corp., Cambridge, MA) and a-1468 (23, 24)
were incubated with the peptide membrane and reaction was detected
by chemiluminescence (Amersham Corp., Arlington Heights, IL) with
goat anti—rabbit or goat anti—mouse horseradish peroxidase conjugate
(Cappel Laboratories, Cochranville, PA).

Immunocytochemical localization of CFIR in rat brain. Rats were
anaesthetized as described above. After perfusion with heparinized PBS,
a periodate-lysine-paraformaldehyde fixative (PLP: 2.14 gram sodium
m-periodate, 13.7 gram DL-lysine, and 40 gram paraformaldehyde [all
from Sigma Chemical Co.]) in 1 liter PBS was administered. The brain
and cervical spinal cord were removed, postfixed in PLP for 3 h at 4°C,
and then cryoprotected in 20% sucrose solution overnight at 4°C. Frozen
30-pm sections were cut sagitally or transversely and processed immu-
nocytochemically using the avidin—biotin complex (ABC; Vector Labo-
ratories, Inc., Burlingame, CA ) immunoperoxidase method (25). Tissue
sections were then rinsed several times in PBS, immersed in normal
goat serum for 1 h and rinsed again with PBS. The tissue sections were
incubated for 72 h in pAb3145 or pAb3147 in a 1:500 dilution of
solution containing 0.5 gram BSA and 200 ul Triton X-100 in 100 ml
PBS. Biotinylation with anti—rabbit IgG (Vector Laboratories, Inc.)
diluted 1:100 for 90 min was performed. 3,3 '-diaminobenzidine tetrahy-
drochloride (DAB; Sigma Chemical Co.) was used as substrate (26).
The tissue sections were rinsed in distilled water, dehydrated in graded
alcohols, cleared in xylene, and coverslipped with DPX (Fluka Chemical
Corp., Ronkonkoma, NY). All photomicrographs were obtained from
a DMR Research Microscope (E. Leitz, Inc., Rockleigh, NJ).

RNA extraction and reverse transcriptase-PCR (RT-PCR). Total
RNA was isolated from 3T3-CFTR cells and rat brain by solubilization
in 4 M guanidinium thiocyanate/0.1 M 2-mercaptoethanol, and subse-
quently processed using phenol and chloroform:2-propanol to remove
proteins and DNA (27, 28). RNA was precipitated with 2-propanol and
purified with a 75% ethanol wash. The isolated RNA was quantitated

by ultraviolet spectrophotometry and analyzed by formaldehyde gel
electrophoresis.

Oligonucleotide primers were chosen from human CFTR exons 14
and 15 to amplify a 257-bp fragment of rat CFTR, with sequences of
the primers: 258-bp sense, 5'-GACTACATGGAACACATACCTTCG-
3’ (bases 2661-2684) and antisense, 5'-ATAGCAAGCAAAGTG-
TCGGCTACTC-3' (bases 2918-2894) (29). The cDNA synthesis re-
action consisted of 2 ug total RNA, 5 mM MgCl,, 1 mM dATP, dGTP,
dTTP, and dCTP, 0.5 pug oligo dT primer, 10 U RNasin ribonuclease
inhibitor (Promega Corp., Madison, WI), 100 U Superscript II reverse
transcriptase (GIBCO BRL), 1X PCR buffer II (Perkin-Elmer Corp.,
Norwalk, CT), with nuclease-free water brought to a total 20-x1 reaction
volume in thin-walled microcentrifuge tubes. Controls included water
as a negative control, kanamycin RNA reverse transcription positive
control (Promega Corp.), and a plasmid, pMTCFTR, containing the full-
length human CFTR cDNA (generously provided by Genzyme Corp.).
Tubulin RNA was reverse transcribed from the 3T3-CFTR and rat brain
total RNA samples in separate reactions to check the integrity of the
RNA samples using the a-tubulin sense primer, 5'-AAGAAGTCC-
AAGCTGGAGTTC (bases 190-210, rodent; 160—180, human), and
the antisense primer, GTTGGTCTGGAATTCTGTCAG (bases 477—
457, rodent; 447-427, human) (30, 31). The reaction mixture was
incubated for 1 h at 42°C in the OmniGene Thermal Cycling System
(National Labnet Co., Woodbridge, NJ), followed by a heat-inactivation
step of 70°C for 15 min. The cDNA was amplified directly from the
cDNA synthesis reaction mix in a PCR reaction consisting of 2 mM
MgCl,, 100 nM sense primer, 100 nM antisense primer, 2.5 U AmpliTaq
polymerase (Perkin-Elmer Corp.), 1X PCR buffer I (Perkin-Elmer
Corp.), and nuclease-free water in 100 ul reaction volume. The PCR
reaction proceeded for 45 cycles: 94°C for 1 min; 60°C for 45 s; 72°C
for 1 min (plus an incremental 1 s/cycle). The first PCR cycle was
preceded by a 94°C incubation for 2 min; the final cycle was followed
by a 72°C extension for 5 min. Products were electrophoresed on 1.5%
agarose gels stained with ethidium bromide.

Southern blotting of RT-PCR products from 3T3-CFTR and rat brain
RNA. The agarose gel was denatured for 30 min in 0.4 M NaOH/0.6
M NaCl, neutralized for 30 min in 1.5 M NaCl/0.5 M Tris (pH 7.5), and
blotted to GeneScreen nitrocellulose (NEN Research Products, Beverly,
MA). Cross-linking to nitrocellulose was ensured by exposure to 130
mJ in a ultraviolet Stratalinker 2400 (Stratagene Inc., LaJolla, CA).
RT-PCR products were identified using Southern blot analysis, with
an enhanced chemiluminescent (ECL) system (Amersham Corp.). An
oligonucleotide (5'-CAAATAAAGAAGCAGCCACCTC-3') probe
between the two primers in the rat CFTR sequence, was chosen to
increase specificity of base pair homology since there is not 100%
sequence homology between the human and rat CFTR gene (9, 32).
The probe was labeled at the 3’ end with fluorescein using terminal
transferase following the manufacturer’s protocol. The blots were prehy-
bridized for 30 min at 42°C in the following solution: 5X SSC (1.5 M
NaCl, 0.15 M sodium citrate), 0.02% SDS, 0.1% hybridization powder,
and 0.5% blocking agent provided (Amersham Corp.). Blots were hy-
bridized with labeled probe (7.5 ng/ml) for 2 h at 42°C in the same
solution as that used for prehybridization reaction. After two washes in
5% SSC/0.1% SDS for 10 min at room temperature and twice with
1X SSC/0.1% SDS for 15 min at 45°C, blots were incubated with an
antifluorescein antibody conjugated to horseradish peroxidase for 30
min and developed according to manufacturer’s protocol (Amersham
Corp.). Blots were then exposed to autoradiographic film (Fuji Pho-
tofilm Co., Tokyo, Japan) at room temperature for 2 min and developed.

Nested PCR and cloning into expression vector, pGEM-T. RT-PCR
amplification products from pMT-CFTR human plasmid control, 3T3-
CFTR RNA and rat brain RNA were purified with the QIAquick PCR
Purification Kit (QIAGEN Inc., Chatsworth, CA). Purified products
were amplified by PCR using the same sense primer as previously used
and an internal antisense primer, 5S'-CAAATAAAGAAGCAGCCAC-
CTC-3' derived from the rat CFTR sequence, resulting in a 110-bp
product. In 50 ul reaction volume, 2—5 ng of the first RT-PCR product,
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Table 1. Localization of CFTR-positive Nuclei in Rat Brain

3145, a-1468 Nucleus Number Stain
Forebrain
mAb24-1 Cortex *
3147 3147 Olfactory tubercle ** *k
Nucleus of the diagonal band *kk *x
Figure 1. pAb3145 and 3147 refer to polyclonal antibodies specific for Afnygdalond nucleus ** *
CFTR as described in the text. mAb 24-1 refers to the monoclonal Hippocampus * *
antibody (Genzyme Corp.) specific to the COOH-terminus of the CFTR Bed nucleus of the stria terminalis * *
protein. a-1468 refers to the polyclonal antibody produced against the Diencephalon
COOH-terminal tridecapeptide of CFTR. Paraventricular thalamic nucleus *kk *kok
Central medial thalamic nucleus ** **
Rhomboid thalamic nucleus * *
Reuniens thalamic nucleus * *
2 mM MgCl,, 0.2 mM dATP, dTTP, dGTP, and dCTP, 1x PCR buffer Paraventricular hypothalamic nucleus * *
(Promega Corp.) 0.2 uM each primer, 2.5 U Taq polymerase (Promega Lateral hypothalamic nucleus * *
Corp.) and nuclease-free water were added. This reaction proceeded for Ventromedial hypothalamic nucleus * *
15 cycles: 94°C for 1 min; 60°C for 45 s; 72°C for 1 min (plus an Midbrain
incremental 1 s/cycle). Nested PCR products were electrophoresed on Cuneiform nucleus *k *k
agarose gels and stained with ethidium bromide. Substantia nigra, reticular part * *
Cloning of the nested PCR product from rat brain into the pPGEM- Pons
T e?(pressxon vector was dont? according to manufacturer’s protocol “tllh Lateral parabrachial nucleus ok Rk
an insert-to-vector molar ratio of 10:1 (Promega Corp.). The resulting Medulla oblongata
plasmid was referred to as the RBCFTR14-1 and was used as the tem- . ) - -
plate for the in vitro transcription reaction of sense and antisense ribo- Parvocellular reucl.llar nucleus
probes as described below. The insert CFTR sequence of RBCFTR14- Nucleus of the solitary tract * =
1 was analyzed by automated fluorescence sequencing and homology Spinal trigeminal nucleus * *

was determined by comparing the gene sequences directly from pub-
lished work (9, 32).

In situ hybridization of CFTR mRNA. The CFTR/pGEM-T clone
(RBCFTR14-1) was linearized by separate restriction digestion using
Spel and Sacll. Digoxygenin-labeled sense and antisense RNA probes
were made by in vitro transcription by T7 RNA polymerase (Promega
Corp.) and SP6 RNA polymerase (Promega Corp.), using the Genius 4
RNA Labeling Kit (Boehringer-Mannheim Biochemicals, Indianapolis,
IN). The yield of digoxygenin-labeled RNA was quantitated using the
Genius 3 Nucleic Acid Detection Kit (Boehringer-Mannheim Biochemi-
cals).

30-um sections were cut transversely using a freezing microtome
(E. Leitz, Inc.) as previously described above. The protocol was adapted
from that previously published, using diethylpyrocarbonate (DEPC)-
treated solutions (33). Sections were washed twice for 5 min in 1X PBS
and in 1X PBS/0.1% Tween-20 (PTW). Sections were prehybridized at
55°C for 1 h in 50% formamide, 5X SSC, 100 pg/ml Torula yeast RNA
(Sigma Chemical Co.), 100 ug/ml wheat germ tRNA (Sigma Chemical
Co.), 50 pg/ml heparin, and 0.1% Tween-20. Sections were then incu-
bated at 55°C for 16 h in hybridi}zation solution with 2.5 pg/ml sense
or antisense cCRNA probes. After three 15-min washes in PTW and
subsequently, in solution containing 1X PBS, 0.1% BSA, 0.2% Triton
X-100 solution (PBT), sections were incubated at room temperature
for 1 h in PBT containing 0.67 U/ml antidigoxygenin antibody alkaline
phosphatase conjugate (Boehringer-Mannheim Biochemicals). After
three 10-min washes in PBT and subsequently, in solution containing
100 mM NaCl, 50 mM MgCl,, 100 mM Tris (pH 9.5), and 0.1% Tween-
20 (SMT), sections were incubated in the dark at room temperature for
60 min in SMT with addition of 175 ug/ml 5-bromo-4-chloro-3-indoyl-
phosphate and 175 ug/ml 4-nitro blue tetrazolium chloride in 70%
dimethylformamide (Boehringer-Mannheim Biochemicals). Sections
were processed through PBS, graded alcohols, xylene, and air dried for
12 h. Serial sections were analyzed using a sense riboprobe as a control
for nonspecific hybridization. No signal could be detected in these con-
trol hybridizations.
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Number: * < 10 cells/section; ** 10-20 cells/section; *** > 30 cells/
section. Stain: * light: < 2 dark cells are visualized; ** dark: cells
are darkly stained; *** very dark; multiple cells are darkly-stained.

Results

Epitope mapping and specificity of antibodies. To confirm spec-
ificity, two antibodies, referred to as pAb3145 and pAb3147,
were mapped with increasing size peptide sequences, as de-
scribed in Methods. pAb3145 is a monospecific antibody to the
sequence, EEVQDTRL, which exactly matches the mapping of
a-1468 produced by Cohn and colleagues (23, 24) (Fig. 1).
pAb3147 consists of two peptide antibodies specific for se-
quences, KEETEE and EVQDTRL, comprising the whole pep-
tide antigen (Fig. 1). Epitope mapping of monoclonal antibody,
mAb24-1 (Genzyme Corp.) against CFTR, revealed similar but
not exact epitope specificity as pAb3145.
Immunocytochemical localization of CFTR in rat brain.
CFTR immunoreactive neurons were widely distributed
throughout the entire rat brain and particularly, strong immuno-
cytochemical staining is present in the diencephalon and limbic
system (Table I). Prominent labeling was evident within neu-
ronal soma and dendrites in the limbic system, including the
paraventricular nuclei of the hypothalamus and thalamus, lateral
parabrachial nucleus of the pons, reticular formation, amygda-
loid nucleus, and the nucleus of the solitarius tract (Table I).
In coronal and sagittal sections of rat brain after incubation with
pAb3145, CFTR immunoreactivity is shown as dense uniform
labeling within the cell bodies without any distinct background
staining, specifically in the hippocampus (Fig. 2 A). In tissue



Figure 2. Immunocytochemical localization of CFTR protein and in situ labeling of CFTR mRNA in the hippocampal formation of rat brain. Either
fresh frozen sections of rat brain were immunostained with anti-CFTR polyclonal antibody, pAb3145, in the absence of pAb3145 or processed for
in situ labeling as described in Methods (A) pAb3145 incubated brain sections revealing intense neuronal cell labeling throughout the pyramidal
layer; (B) in situ antisense labeling of CFTR mRNA showing equivalent staining of the pyramidal layer of the hippocampus; (C) absence of
pAb3145 incubation revealing no specific label within the hippocampal formation; (D) sense probe labeling of hippocampus showing absence of

any specific CFTR label. Scale bar = 1 mm.

sections pAb3145 gave more accentuated staining than
pAb3147; but there were not differences in the localization of
CFTR labeling with either antibody preparation.

CFTR protein is identified throughout multiple neurons of
specific nuclei and concordant to CFTR mRNA expression (Fig.
2 B and see Fig. 6). Fig. 2 B and D reflect the antisense and
sense CFTR riboprobe staining of the hippocampal formation.
Specific labeling of neurons in the pyramidal layer of the hippo-
campus is identically expressed as seen in the immunocyto-
chemical staining with the primary antibody, pAb3145 and with
the CFTR antisense probe (Fig. 2 A and B). Specificity of
labeling of CFTR within brain was confirmed by peptide prein-
cubation with antibody and deletion of pAb3145, before subse-
quent tissue processing (Fig. 2 C). The deletion either of pri-
mary or secondary antibody also led to disappearance of specific
neuronal staining (data not shown). We did not detect any
CFTR immunoreactivity within the choroid plexus or ependy-
mal cells lining the ventricles (34). However, without the spe-
cific dissection of the choroid plexus, CFTR immunoreactivity
cannot be excluded.

Identification of RT-PCR products. We detected the expres-

sion of CFTR mRNA by RT-PCR and Southern blot analysis.
Amplification of CFTR from rat brain RNA yielded the same
size fragment, 258 bp, as produced through RT-PCR of the
3T3-CFTR RNA and of the full-length human CFTR cDNA
clone, pMT-CFTR. Appropriate water control yielded no ampli-
fication; and the kanamycin positive RNA control yielded the
expected 1.2-kb size product (Figs. 3 and 4). Nested PCR
amplified products were identical matches to positive controls
by size, 110 bp (Fig. 5); insert sequence of the RBCFTR14-1
clone showed 100% homology to the rat CFTR sequence (data
not shown) (32).

Localization of CFTR mRNA in rat brain. In situ hybridiza-
tion was performed to localize CFTR mRNA within rat brain.
There was striking expression of CFTR mRNA throughout the
diencephalon, reticular formation, and the limbic system, in-
cluding the hippocampal formation (Fig. 1). In addition strong
cytoplasmic staining of neurons in the paraventricular nuclei of
the hypothalamus and thalamus and the supraoptic nuclei was
noted (Fig. 6, A—D). As a control for specificity of the antisense
CFTR riboprobe, serial sections were hybridized with a sense
CFTR probe but produced no specific signal (Fig. 6 E-G).

Cystic Fibrosis Transmembrane Conductance Regulator in Brain ~ 649



M 1

2 34 5 67 M

Figure 3. Detection of
CFTR and tubulin
mRNA from rat brain us-
ing RT-PCR. Total RNA
(2 pg) from rat brain and
3T3-CFTR cDNA was
reverse transcribed from
total RNA (2 pg) with
oligo-dT as a primer and
PCR amplified with the
CFTR or a-tubulin prim-
ers. The amplified prod-
ucts were directly stained
with ethidium bromide
onagarose gel. The CFTR RT-PCR gave a 258-bp product and the
tubulin RT-PCR gave a 288-bp product as expected. Sequence homology
of the CFTR product amplified in lanes 3, 4, and 6 was identical to
either the human and rat CFTR sequence (see text). Lanes: (1) water
negative control; (2) kanamycin positive control; (3) pMT-CFIR; (4)
3T3-CFTR; (5) 3T3-CFTR tubulin; (6) rat brain CFTR; (7) rat brain
tubulin; (M) 123-bp DNA ladder (GIBCO BRL).

Identical expression of CFTR mRNA correlated with the local-
ization of CFTR protein expression throughout the brain as
depicted in Table I.

Discussion

In this study we have demonstrated the concordance of expres-
sion of CFTR mRNA and protein within neuronal cell bodies
and dendrites of rat brain. Previously, our data suggested that
CFTR protein is expressed within subcellular compartments,
possibly within synaptic or clathrin-coated vesicles (21). The
regulation of neuropeptide secretion is dependent upon mem-
brane trafficking of clathrin-coated vesicles and other membrane
compartments. Whether CFTR is necessary for proper pro-
cessing of neurotransmitter packaging is presently unknown.
The role of CFTR in the regulation of membrane trafficking
has recently been explored to define the cellular pathobiology

Figure 4. Southern blot
analysis of CFTR and tu-
bulin RT-PCR products
from rat brain and 3T3
CFTR RNA. RT-PCR
amplified products were
blotted to nitrocellulose,
cross-linked by exposure
to ultraviolet light and
detected using a fluores-
cein-labeled oligonucle-
otide chosen as a nested
internal nucleotide se-
quence of the first strand
antisense probe. Devel-
opment of the blot was
performed through en-
hanced chemiluminescence (Amersham). No nonspecific amplification
or hybridization was visible. Lanes: (/) water negative control; (2)
kanamycin-positive reverse transcription control; (3) pMT-CFIR; (4)
3T3-CFTR; (5) 3T3-CFTR tubulin; (6) rat brain CFTR; (7) rat brain
tubulin. Molecular weight markers are visualized to right of figure.
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Figure 5. Agarose gel
electrophoresis of nested
PCR products. Nested
PCR amplification of pu-
rified RT-PCR products
was performed using the
original sense primer and
a nested antisense
primer. The products
were stained directly on
the gel using ethidium
bromide. Some nonspe-
cifically amplified prod-
ucts are partially visible
in lanes 3, 4, and 5. The
specificity of the nested
PCR amplification was
confirmed by cloning the
@ 123 rat brain nested PCR

product into the pGEM-
T expression vector and analyzing by automated fluorescence sequenc-
ing revealing 100% homology to the rat CFTR sequence. Lanes: (1)
water negative control; (2) purified water negative control from RT-
PCR; (3) pMT-CFTR; (4) 3T3-CF; (5) rat brain; (M) 123-bp DNA
ladder (GIBCO BRL).

1 M2 34 5 M
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of CF. Bradbury et al. have shown that cAMP-dependent CFTR
regulation of endocytosis and exocytosis events can be normally
regulated in the pancreatic adenocarcinoma cell line derived
from a patient with CF, referred to as the CFPAC line. Expres-
sion of abnormal CFTR leads to decreased exocytosis and C1~
conductance (13-15). The relationship between CFTR func-
tion as a C1~ channel and regulator of membrane transport
within the brain needs to be elucidated.

The function of CFTR expression within the hypothalamus,
thalamus, amygdala, and limbic system remains unknown.
These areas regulate food intake, energy utilization, and meta-
bolic rate set points. Children with CF exhibit increased energy
expenditure, failure to thrive, growth failure, and malnutrition
leading to decreased survival. Increased energy expenditure
cannot wholly be explained by the pulmonary or other systemic
manifestations of CF and may reflect genotype-specific disease
(7, 8, 35). The localization of CFTR to brain regions regulating
food intake, energy expenditure, salt and water balance, pancre-
atic endocrine secretion, and blood glucose concentration is
intriguing (36-38).

A genotype-specific expression of mutant CFTR in brain may
alter vesicle trafficking of neuropeptides in brain regions involved
in regulation of homeostatic functions and energy utilization.
Multiple neurotransmitters, including neurotensin, cholecystoki-
nin, and neuropeptide Y (NPY), have been shown to mediate
feeding and drinking behaviors in animals and are expressed
within the hypothalamus and thalamus. Calza and colleagues
have demonstrated that the increase in NPY-like material in the
paraventricular nuclei of the hypothalamus in starved rats could
be due to an increase of NPY synthesis or to a decrease in NPY
release (39). Injection of NPY into the paraventricular nucleus
of the hypothalamus stimulates drinking and feeding behaviors
in animals. Observations of obese Zucker rats revealed increases
in NPY in multiple nuclei of the hypothalamus (40). Increased
NPY occurs partially because of a decrease of peripheral satiety
signals, i.e., cholecystokinin. As a potent anorectic agent acting



on the paraventricular nucleus in the central hypothalamus, NPY
may play a pivotal role in the pathogenesis of this abnormal
physiological function (41, 42).

Neurotensin is known to cause anorexia and increased en-
ergy expenditure when injected into the central hypothalamus
of rats (40, 43). Merchenthaler et al. has established that 70%
of neurotensin-immunoreactive neurons within the arcuate nu-
cleus, the paraventricular area, and the paraventricular nucleus
send axons that terminate on portal capillaries of the median
eminence (43). The regulation and maintenance of homeostatic
functions is in part regulated by the pituitary gland and whose
function may be affected by the expression of CFTR. No data

Figure 6. In situ hybridization of
CFTR mRNA in rat brain. 30-um
sections of rat brain were hybrid-
ized to 2.5 pg/ml digoxygenin-la-
beled sense (E, F, and G) or anti-
sense (A, B, C, and D) cRNA
probes developed against cloned
rat brain CFTR in pGEM-T ex-
pression vector. 30-um thick sec-
tions were developed with alka-
line phosphatase—dependent col-
orimetric reaction. Antisense
probes produced strong signal in
cell bodies while the sense ribo-
probe produced no specific signal.
Specific strong signal is demon-
strated in the paraventricular nu-
clei of the hypothalamus and thal-
amus (A and B) as well as in the
supraoptic nuclei (C and D). In D
the supraoptic nucleus reveals
strong cytoplasmic label of the
neuronal soma. Scale bar in (A)
= 0.05 mm; (B) = 0.05 mm; (C)
= 0.05 mm; (D) = 5 pm. A and
E; B and F; and C and G are at
the same magnifications. 3V, third
ventricle; PVN, paraventricular
nucleus; LV, lateral ventricle;
SON, supraoptic nucleus; OC, op-
tic chiasm.

presently exists regarding expression of CFTR within the pitu-
itary.

Whether CFTR regulates neuropeptide secretion must be
addressed through colocalization studies of CFTR with chole-
cystokinin, NPY, and neurotensin in rat and human brains. The
prospect of understanding some of the protean manifestations
of CF, including growth failure and increased resting energy
expenditure, may be related to the molecular and cellular dys-
function of CFTR in brain. We propose that abnormal energy
utilization may result from dysregulation of neuropeptide secre-
tion by mutant CFIR in the hypothalamus, thalamus, and the
limbic system.
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