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Abstract

Bilateral olfactory bulbectomy (OBX) in rats produces a well -characterized syndrome of behavioral, physiological, and neurochemical

changes identical to those seen in depression. Previous experiments using in situ hybridization histochemistry have demonstrated that OBX

increases prepro-neuropeptide -Y (NPY) and prepro-enkephalin (ENK) mRNA levels in limbic structures. The present experiments

determined whether increases in peptide immunoreactivity occur in conjunction with increases in mRNA levels following OBX. In situ

hybridization analyses in olfactory bulbectomized and sham-operated rats revealed increased prepro-ENK mRNA in the piriform cortex

(PIR) and olfactory tubercles (OTs) of bulbectomized rats. Prepro-NPY mRNA levels were significantly increased in the PIR of

bulbectomized rats as comapred to controls. Radioimmunoassays (RIAs) revealed significant elevations in ENK-like immunoreactivity in

the OTs following OBX. NPY- like immunoreactivity was significantly elevated in the PIR following OBX. These data reveal that OBX-

induced increases in ENK- like immunoreactivity occur concomitantly with increases in prepro - ENK mRNA, and NPY- like

immunoreactivity occur concomitantly with increases in prepro-NPY mRNA. D 2000 Elsevier Science Inc. All rights reserved.
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Bilateral ablation of the rat olfactory bulbs (OBX)

produces a well -established behavioral syndrome typi-

cally characterized by increased locomotor reactivity in

a novel open field [2,18±21,30,36,42,43], deficits in

learning [4,29,47,48,53], deficits in aversively motivated

behaviors [17,29,33,36,37,40,44,49], and deficits in appe-

titively motivated behaviors [5,19,24,27,28,40,43]. The

role of anosmia in the OBX syndrome has been well

studied, and the most widely reported behavioral effects

of OBX cannot be attributed to sensory deficits alone

[5,41,49,51,52].

OBX leads to changes in various classical neurotrans-

mitters by disrupting neural circuits in the brain. Neuro-

chemical effects of OBX include overall decreases in

norepinephrine (NE) [13,14,44,51], serotonin (5 - HT)

[15,44] and dopamine (DA) [13,14,26]. Increases in the

number of b -adrenoceptors and a2-adrenoceptors [16,50],

5-HT2 receptors [12], and D2 receptors [25] are found in

various brain regions following OBX. These neurochemical

alterations resemble those seen in depression and are atte-

nuated by antidepressant drug treatment [15,16,26,44,51].

Since neuropeptides are often colocalized with classical

neurotransmitters, one would expect changes in neuropep-

tides to occur in depression and models thereof. The

neuropeptides enkephalin (ENK) and neuropeptide -Y

(NPY) are of particular interest to this experiment.

ENK, an endogenous opioid peptide, is abundant in the

striatum of rats and has been found to be inversely related

to DA levels in the striatum; DA depletion leads to

increased ENK levels [6,7,24,31]. NPY, a 36 amino acid

peptide, is one of the most abundant peptides in the

central nervous system and is colocalized with NE, 5-HT,

and gamma-aminobutyric acid (GABA) [1,3,8,38]. Altera-

tions in these neuropeptide levels have been found in

both bulbectomized rats and clinically depressed patients

[8,10,11,32]. Reduced ENK and NPY levels have been

found in the cerebrospinal fluid of clinically depressed

patients [8,32]. Prepro-ENK mRNA levels are increased

in the olfactory tubercle (OT) of bulbectomized rats, and
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prepro-NPY mRNA levels are increased in the piriform

cortex (PIR) and dentate gyrus of bulbectomized rats

[10,11].

The following experiment examined changes in ENK

and NPY mRNA levels and immunoreactivity in the OT

and PIR of bulbectomized and sham-operated rats. Quan-

titative in situ hybridization was used to replicate previous

findings that OBX increases prepro-ENK and prepro-

NPY mRNA in the OT and PIR, respectively. ENK-like

immunoreactivity and NPY-like immunoreactivity in the

OT and PIR were measured by radioimmunoassays (RIAs)

in order to determine whether peptide levels increase

concomitantly with increase in mRNA. A correlational

analysis was conducted to determine whether OBX-in-

duced changes in peptide gene expression are associated

with deficits in footshock - induced immobility, which

serves as a reliable behavioral marker of the OBX syn-

drome [36].

1. Methods

1.1. Subjects

Twenty-one male Sprague±Dawley rats (Harlan, India-

napolis, IN) weighing 240±300 g at time of surgery were

used in this study. Rats were group housed with three to

five rats per cage under a 12-h light /dark cycle (lights on

at 07:00 hours). All rats had free access to food and water.

For behavioral testing, rats were individually transported to

a testing room dimly lit with red lights in which a white

noise generator provided low-level masking noise. All

behavioral tests were conducted between 09:00 and

14:00 hours.

1.2. Surgical procedure

Olfactory bulbectomies were performed as previously

described [36]. Surgeries began 7 days following arrival to

the University of Georgia animal facilities. Following an-

esthetization with sodium pentobarbital (Nembutal, 25 mg/

kg, i.p., Abbott Laboratories, N. Chicago, IL) and ketamine

hydrochloride (Ketaset, 40 mg/kg, i.p., Fort Dodge, IA), the

scalp was shaved and a midline incision was made. Two 3-

mm-diameter burr holes were drilled 6 mm rostral of

bregma and 1 mm to the right and left of the midline. The

olfactory bulb was aspirated in the bulbectomized rats with

a 2-mm-diameter plastic pipette tip, and the cavity was

filled with gel±foam (Upjohn) to control bleeding. Special

care was taken to avoid damaging the frontal cortex. Sham

rats were treated identically, however the olfactory bulbs

were not removed. All animals were treated in accordance

with the University of Georgia Animal Use and Care

Committee and followed guidelines described in the Na-

tional Research Council Guide for the Care and Use of

Laboratory Animals.

1.3. Foot -shock induced immobility

Fourteen days following surgery, OBX rats (n=14)

and sham-operated rats (n=7) were tested in a footshock

induced immobility paradigm. The footshock apparatus is

a Lafayette Shuttlebox apparatus (Lafayette, IN; model

85102), which consists of a chamber measuring

60�21�19 cm. The chamber is illluminated by two

6-W bulbs encased in the lid of the chamber. A one-

way observation window allowed constant viewing of the

subject during testing. The experimenter recording beha-

vior was unaware of the rat's surgical condition. Rats

were placed into the apparatus for a 3-min habituation

period prior to footshock, and the number of crossings of

the midline of the chamber and the total duration of

immobility were measured. Following this period, rats

were given three 2-s, 0.3-mA scrambled foot shocks at

20-s intervals. The current was delivered by a Lafayette

Instruments shock generator (model 82404/5-SS). Fol-

lowing the three footshocks, rats were observed for 10

min and the number of crossings and total duration of

immobility were measured. The chamber was cleaned

with a 10% chlorine bleach solution between each

subject to remove olfactory cues.

Three days following behavioral testing, rats were killed

by rapid decapitation and lesions were confirmed. The

extent of damage to the frontal lobes was also assessed.

The criteria for a complete lesion to the olfactory bulb was a

tissue weight of less than 30% of the tissue weight of an

intact olfactory bulb. The data from one bulbectomized rat

was removed from the study due to an incomplete lesion.

All behavioral data were analyzed by a two-tail between-

subjects t test. Levene's test for equality of variances was

conducted for each t test. If the variances were heteroge-

neous ( p<10), then the Welch correction for heterogeneity

of variance was used to determine the exact p value of the

test. The significance level for all behavioral measures was

set at p<0.05.

1.4. Quantitative in situ hybridization histochemistry

Following rapid decapitation, rat brains from each

experiment were removed, frozen on dry ice, and stored

at ÿ 80°C. Twelve-micrometer sections of the OT and

PIR were sliced using a Microm cryostat and sections were

mounted on gelatin /chromium potassium sulfate-coated

microscope slides. Approximately every fifth section was

stained with 0.1% thionin in order to visualize anatomical

landmarks. The brain regions analyzed in this study, the

OT and PIR, correspond to plates 15 (bregma +0.70) and

31 (bregma ÿ3.30), respectively, in the rat brain atlas of

Paxinos and Watson [34]. For in situ hybridization, sec-

tions were fixed in 4% formaldehyde in 0.12 M sodium

phosphate-buffered saline (PBS, pH 7.4) for 5 min, rinsed

three times with 1�PBS, and placed in 0.25% acetic

anhydride in 0.1 M triethanolamine/0.9% NaCl, pH 8.0,
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for 10 min. Sections were then dehydrated in 70%, 80%,

90%, and 100% ethanol washes, dilapidated in chloroform

for 5 min, rinsed in 100% and 90% ethanol, and air dried.

Oligodeoxynucleotide probes were labeled at the 30 end

using terminal deoxynucleotidyl transferase (15 units /ml;

GIBCO-BRL), 35S-dATP (1000±1500 mCi/mmol; New

England Nuclear, Boston, MA), and tailing buffer. The

ENK probe is complementary to bases 388±435 of rat

prepro - ENK mRNA (50 - ATCTGCATCCTTCTTCAT-

GAAACCGCCATACCTCTTGGCAAGGATCTC-30) [54].

The NPY probe is complementary to bases 3146±3194 of

rat prepro - NPY mRNA (50 - ATGAGATGTGGGGG-

GAAACTAGGAAAAGTCAGGAGAGCAAGTTTCATT-

30) [23]. Unincorporated nucleotides were separated from

DNA probes using Stratagene Nuctrap chromatographic

columns (La Jolla, CA). Sections were hybridized with

0.25±0.50�106 cpm of radiolabeled probes in buffer

containing 50% formamide, 600 mM NaCl, 80 mM

Tris±HCl, 4 mM EDTA, 0.1% sodium pyrophosphate,

0.2% SDS, 0.2 mg/ml heparin sulfate, and 10% dextran

sulfate and incubated for 20±24 h in a humid chamber

(VWR 18101R, Shel-Lab, Sheldon Mfg, Cornelius, OR)

at 37°C. Sections then received several washes of 1�SSC

and 2�SSC/50% formamide. All slides were then ex-

posed to autoradiographic films (BioMax MR, Eastman

Kodak) for 2 to 4 weeks.

Quantification of autoradiographic films was performed

using a computerized image analysis system (Image 1.38

software, W. Rasband, NIMH; Power Macintosh 8100

computer; light box and camera, Imaging Research, St.

Catharines, Ontario; video interface, Data Translation, Marl-

boro, MA). Brain regions were analyzed by tracing the area

to be measured with the aid of a rat brain atlas [34] and

measuring transmittance values (optical gray scale) within

that area of the PIR. A density slice threshold procedure was

used to isolate the area of the OT to be analyzed. Levels of

prepro-ENK were measured in both the PIR and the OT of

experimental and control rats, and levels of prepro-NPY

were measured in the PIR of experimental and control rats.

Data were recorded and analyzed with a one- tail between-

subjects t test. Levene's test for equality of variances was

conducted for each t test. If the variances were heteroge-

neous ( p<0.10), then the Welch correction for heterogene-

ity of variance was used to determine the exact p value of

the test. Correlational analyses were conducted to test the

association between OBX-induced prepro-ENK and pre-

pro-NPY plasticity, and the association between neuro-

chemical measures and behavior. A significance level of

p<0.05 was set for all tests.

1.5. RIA

After approximately thirty 12-mm sections for each

region were mounted on slides, the remaining PIR and

OT were dissected from each brain and stored at ÿ80°C.

Unilateral sections of dissected tissue were weighed and

placed in 12�75 glass test tubes. The tissues were then

homogenized (PowerGen 125, Fisher Scientific) for 15 s

following the addition of 250 ml of 0.5 M acetic acid with

2.5% aprotinin. The glass test tubes were placed in

boiling water for 10 min and then centrifuged at 3000

rpm (1500�g) at 4°C (Beckman Model TJ-6 Centrifuge

and refrigeration unit) for 30 min. Following centrifuga-

tion, the supernatant was aspirated off and placed in

12�75 plastic test tubes. The remaining pellet was

discarded. The plastic test tubes containing the supernatant

were placed under vacuum (20,000 mm Hg) in a Lab-

conco Centrivap concentrator at 60°C until all liquid was

evaporated (approximately 3 h) and then stored at ÿ20°C.

RIA kits (Peninsula Laboratories, Belmont, CA) were

used to asses the levels of and Met-ENK and NPY in

bulbectomized and sham-operated rats. The kits contained

all the reagents needed for the RIA. Each test tube

containing extracted peptide from the experimental /con-

trol tissue was reconstituted with 250 ml of RIA buffer.

Tubes for determining a standard curve, non-specific

binding, total binding and total counts were included in

each assay. On day 1 of the RIA procedure, 100 ml of the

primary antibody, rabbit anti -peptide serum, was added to

100 ml of the reconstituted peptide from the experimental /

control tissue. On day 2, 100 ml of 125I-peptide (1.0±

1.5�104 cpm per tube) was added to each test tube. On

day 3, 100 ml of goat anti - rabbit IgG serum and 100 ml of

normal rabbit serum were added to every test tube.

Following a 90-min incubation period, all the tubes were

centrifuged (Beckman Model TJ-6 Centrifuge and refrig-

eration unit) at 3000 rpm (approximately 1500�g) for 20

min at 4°C. The supernatant was then carefully aspirated

off. The remaining pellets were placed in scintillation

vials with 3 ml of Scintiverse, and levels of 125I were

counted in a scintillation counter (Beckman Scintillation

System LS6500).

A standard curve was generated for each peptide accord-

ing to protocols described by the manufacturer. Picograms

of peptide were determined from the standard curve and

divided by the wet tissue weight of each experimental

sample. Data were recorded and analyzed with a two- tail

between-subjects t test. Levene's test for equality of var-

iances was conducted for each t test. If the variances were

heterogeneous ( p<0.10), then the Welch correction for

heterogeneity of variance was used to determine the exact

p value of the test.

2. Results

2.1. Footshock- induced immobility test

There was no difference between OBX and sham-oper-

ated rats in the number of crossings made during habitua-

tion, t(18)=ÿ1.963, p<0.05. Following footshock, OBX

rats spent significantly less time immobile than sham-
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operated rats, t(18)=2.380, p<0.05 (see Fig. 1), and made

more crossings than sham-operated rats, t(18)=ÿ2.545,

p<0.05. The variances for each of these measures were

found to be heterogeneous by Levene's test for equality of

variances ( p<0.10), and therefore were given a corrected t

statistic and p value by the Welch correction for hetero-

geneity of variance.

2.2. Quantitative in situ hybridization

Bilateral OBX produced a 47.5% increase of prepro-ENK

mRNA in the PIR (mean optical gray scale�SEM; OBX:

44.4304�4.3228; SHAM: 30.1193�2.0895; t(18)=ÿ2.981,

p<0.01) and a 2.6% increase in the OT (mean integrated

density scale � SEM; OBX: 145.0475�1.1419; SHAM:

141.0475�1.5438; t(18)=ÿ1.908, p<0.05). Bilateral OBX

produced a 27.9% increase of prepro-NPY mRNA in the PIR

(mean optical gray scale�SEM; OBX: 39.0069�2.7223;

SHAM: 30.5107�0.5138; t(18)=ÿ3.067, p<0.01). Repre-

sentative autoradiographs of prepro-ENK and prepro-NPY

hybridization are depicted in Figs. 2±4.

2.3. RIA

Bilateral OBX significantly increased Met-ENK-like

immunoreactivity in the OT, t(17)=ÿ2.069, p<0.05 (see

Fig. 5). Bilateral OBX significantly increased the levels of

NPY-like immunoreactivity in the PIR, t(18)=ÿ2.096,

p<0.05 (see Fig. 6). The variances for data from the PIR

were found to be heterogeneous by Levene's test for

equality of variances ( p<0.10), and therefore were given

a corrected t statistic and p value by the Welch correction for

heterogeneity of variance.

Fig. 1. The footshock - induced immobility test measured time spent

immobile (s) for 10 min following three 0.3 - mA scrambled footshocks,

OBX (n =13) and SHAM (n =7). Means�SEM are represented.

Fig. 2. Computer - generated representative autoradiographs depicting

prepro - ENK mRNA hybridization in the OT of OBX and SHAM rats.

Fig. 3. Computer - generated representative autoradiographs depicting

prepro - ENK mRNA hybridization in the PIR of OBX and SHAM rats.
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2.4. Tests of association between behavioral and neuro-

chemical changes

Correlational analyses were performed between time

spent immobile in the footshock-induced immobility test

and prepro-ENK and prepro-NPY mRNA levels. Similar

correlations between peptide- like immunoreactivity and

behaviors were also performed. Several marginal effects

were observed in correlations between in situ hybridization

data and behavioral data, suggesting an association be-

tween neurochemical and behavioral changes. A marginal

negative correlation was found between time spent immo-

bile and prepro-NPY mRNA levels in the PIR of bulbec-

tomized rats, r2=ÿ 0.513, p=0.07. A marginal negative

correlation was also found between time spent immobile

and prepro-ENK mRNA levels in the PIR of bulbecto-

mized rats, r2=ÿ0.475, p<0.10. Correlational analyses

were also conducted between ENK and NPY gene expres-

sion and peptide levels in the regions of interest. An

analysis of prepro-ENK and prepro-NPY gene expression

revealed a significant association. Prepro-NPY mRNA

levels in the PIR were positively correlated with prepro-

ENK mRNA levels in the PIR of bulbectomized rats,

r2=0.604, p<0.05. In addition, a marginal positive corre-

lation was found between prepro-NPY mRNA levels in

the PIR and prepro-ENK mRNA levels in the OT of

bulbectomized rats, r2=ÿ0.476, p<0.10. A marginal po-

sitive correlation was also found between prepro-ENK

mRNA levels in the PIR and OT of bulbectomized rats,

r2=ÿ0.487, p<0.10. No other significant or marginal

correlations between peptide- like immunoreactivity and

behavior were found. Surprisingly, no significant correla-

tions between prepro-peptide gene expression or peptide

levels were detected. Although OBX increases both pre-

pro-peptide mRNA levels and peptide- like immunoreac-

tivity, the lack of a statistically significant correlation

reveals that there is not a simple linear relationship

between these two variables.

3. Discussion

The aim of the present experiments was to determine

whether increases in peptide levels accompany the increased

prepro-peptide mRNA observed in prior studies. This

experiment as well as previous research has demonstrated

that OBX leads to increased prepro-NPY mRNA in the PIR

Fig. 5. Radioimmunoassays measured the levels of Met - ENK - like

immunoreactivity (pg /mg tissue) in the OT of OBX (n =12) and SHAM

(n =7) rats. Means�SEM are represented.

Fig. 4. Computer - generated representative autoradiographs depicting

prepro - NPY mRNA hybridization in the PIR of OBX and SHAM rats.

Fig. 6. Radioimmunoassays measured the levels of NPY- like immunor-

eactivity in the piriform cortex of OBX (n =13) and SHAM (n= 7) rats.

Means� SEM represented.
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[10] and increased prepro-ENK mRNA in the OT [10] as

measured by quantitative in situ hybridization histochemis-

try. The present results revealed that bilateral OBX also

increases NPY-like immunoreactivity in the PIR, and ENK-

like immunoreactivity in the OT.

Another aim of this experiment was to determine the

nature of the relationship between increased prepro-ENK

and prepro-NPY gene expression in bulbectomized rats.

Prepro-NPY mRNA levels in the PIR were found to be

positively associated with both prepro-ENK mRNA levels

in the PIR and OT, though only marginally in the OT.

Prepro-ENK mRNA levels in the PIR were positively,

though marginally, associated with prepro-ENK mRNA

levels in the OT of bulbectomized rats. The positive correla-

tions between ENK gene expression and NPY gene expres-

sion suggests that these peptide systems are similarly

involved in the neurochemical adaptations that occur in

limbic structures following OBX.

The final goal of this experiment was to evaluate the

relationship between time spent immobile following foot-

shock and peptide gene expression in bulbectomized rats.

The marginally significant correlation between prepro-

NPY mRNA and time spent immobile in bulbectomized

rats suggests a relationship between increased NPY gene

expression and the severity of the OBX syndrome. A

marginally significant correlation was also found between

ENK gene expression in the PIR and time spent immobile

in bulbectomized rats, once again suggesting a relation-

ship between increased ENK in the PIR and the severity

of the OBX syndrome. The present findings provide

further support for the hypothesis that altered neuropep-

tide gene expression may underlie certain aspects of

depressive disorders.

ENK, an endogenous opioid peptide, is abundant in the

striatum of rats and is inversely related to DA levels in the

striatum [6,7,24,31]. The functional significance of OBX-

induced increases in ENK levels in the OT is unclear. The

OT is functionally and anatomically a component of the

ventral striatum along with the nucleus accumbens and

portions of the ventral caudate±putamen [9]. Behaviorally,

the OT supports intracranial self -stimulation, suggesting a

role in reward [22,35]. Decreased dopaminergic function in

the OT may explain the deficits in appetitively motivated

behaviors observed in the OBX syndrome. Increased ENK

activity in the OT may underlie the decreased footshock-

induced immobility exhibited by bulbectomized rats. Pre-

vious studies demonstrating that microinjections of opioid

receptor agonists into the ventral striatum produce behavior-

al activation support this hypothesis [39,55].

The functional significance of increased NPY levels in

the PIR following OBX is less clear. Beyond its role in

olfactory discrimination and seizure activity, the behavioral

function of the PIR is not well known [45,46]. The

connections of the PIR with other limbic structures sug-

gests a role for this structure in deficits in aversively

motivated behaviors following OBX. The present finding

of a negative correlation between NPY gene expression in

the PIR and stress - induced immobility suggests that NPY

may mediate OBX-induced decreases in footshock- in-

duced immobility. However, further research involving

direct manipulations of NPY in this structure is needed

to test this hypothesis.
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