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In situ hybridization was used to examine effects of monocular enucleation on 

nicotinic acetylcholine receptor subunit cc3 mRNA in the rat dLGN and visual cortex. a3 

mRNA is concentrated in layer IV of rat visual cortex beginning on postnatal day 2 with 

the arrival of innervation from the dLGN, suggesting that a3 mRNA might be regulated 

by visual input. Rats were monocularly enucleated either at birth or on postnatal day 10. 

After 28 days postoperative, there were no significant differences in a3 mRNA density 

between the contralateral (deprived) and ipsilateral (non-deprived) sides. Based on 

previous data suggesting that neonatal enucleation increases neuron density in the dLGN, 

there may be a small decrease in a3 mRNA per neuron. However, the lack of obvious 

effects of visual deprivation on a3 mRNA density suggests that other factors, possibly 

intrinsic to dLGN and visual cortex, govern the postnatal expression of a3 mRNA 
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INTRODUCTION 

Many neurotransmitter receptors are abundant early in development prior to or 

concurrent with the bulk of synaptogenesis (Palacios et al, 1988, Fuchs, 1995). The 

pattern of neurotransmitter receptor localization in the brain may undergo marked changes 

during development. Factors extrinsic to a cell, such as neuronal innervation, may 

regulate the expression of neurotransmitter receptors. The influence of innervation and 

denervation on the expression of one such receptor family, the acetylcholine receptor 

(AChR) has been studied in the peripheral nervous system at the neuromuscular junction 

and in the autonomic nervous system. At the neuromuscular junction, innervation can 

affect subunit composition, abundance and localization of the target's AChRs (reviewed 

by Hall and Sanes, 1993). In the chick ciliary ganglion, the innervation by presynaptic 

axons occurs coincidentally with the onset of transcription of neuronal nAChR (nicotinic 

acetylcholine receptor) mRNA (Devay et aL, 1994), and denervation reduces total mRNA 

for the nAChR subunit cx3 (Boyd et aL, 1988). Also in rat denervated sympathetic 

ganglion the expression of several AChR subunits are decreased (Mandelzys et al, 1994). 

The rat visual system is a good model to investigate the elements that regulate 

neurotransmitter receptor expression in the central nervous system. During postnatal 

development of the rat visual cortex, geniculo-cortical axons arrive at layer IV of primary 

visual cortex (VI) on postnatal day 2 (P2) (Kageyama and Robertson, 1993). Concurrent 

with this axon arrival is the onset of transcription of the nAChR subunit a3 mRNA in layer 



IV of rat visual cortex (Austin et aL, 1992), suggesting that the activity of the visual 

pathway might regulate the expression of a3 mRNA. As approximately 90%-95% of all 

axons cross to the contralateral side at the optic chiasm (Hayhow et aL, 1962), monocular 

deprivation affects primarily the contralateral side of visual cortex. 

The a3 subunit can form functional nAChR in frog oocytes with (32 and |34 

(Papke et aL, 1989; Luetje et aL, 1990; Luetje and Patrick 1991) which have been 

localized to layer IV of VI (Wada et aL, 1988; Dinley-Miller and Patrick, 1992). In rat 

visual cortex, [3H]acetylcholine and [3H]nicotine binding are concentrated in cortical 

layers III-IV (Clarke et aL,1995), and [125I]a-bungarotoxin (a marker of some nicotinic 

AChRs), shows a characteristic pattern of dense labelling in upper layer IV and layer V in 

rat visual cortex (Fuchs, 1989; Fuchs and Schwark, 1993). 

Recent studies suggest that monocular enucleation of neonatal rats reduces a3 

mRNA expression in layer IV of deprived visual cortex on P10 (Austin et aL, 1992). 

Monocular enucleation reduces metabolic activity in the dLGN and layer IV of VI for at 

least one month before fall recovery, as measured by 2-deoxy[14Qglucose density 

compared between the deprived and non-deprived sides in 60-day-oki rats (Cooper et aL, 

1985). The observation that decreased neuronal activity leads to a decrease in a3 mRNA 

expression suggests that the activity of innervating geniculocortical axons may be a 

regulator of <x3 expression, either through a neurotransmitter or through another molecule 

released in an activity-dependent fashion. The expression of other cholinergic markers 

are differentially affected by enucleation. Following monocular enucleation, 

acetylcholinesterase (AChE) activity decreases both in deprived dorsal lateral geniculate 



nucleus (dLGN) and visual cortex (Robertson et al, 1988), as does the number of 

neurons positive for AChE in dLGN, and the volume of the soma of AChE-positive 

stained neurons in the dLGN of the rat (Robertson et aL, 1989). However, choline 

acetyltransferase in visual cortex of rats is not affected by enucleation (Robertson et al, 

1988). This suggests that lowering neuronal activity in the visual pathway differentially 

affects gene expression of cholinergic genes in the visual system. 

One aim of the current study was to extend the deprivation period, P0-P10, used 

by Austin et aL (1992) to include a period of development after the eyes open, typically 

on P14 (Polyak, 1957). After the eyes have opened, the difference in activity between 

deprived and non-deprived portions of the visual system should be greater than in the 

more immature visual cortex before the eyes opened. One might expect an enhancement 

of the small decreases seen in a3 mRNA after enucleation from P0-P10. The second aim 

was to study whether there is an early critical period for activity-driven expression of a3, 

in which case early enucleated animals might show a greater decrease in a3 mRNA 

expression than animals enucleated later. 



MATERIALS AND METHODS 

Subjects 

The animals used were Long-Evans hooded rats (Simonsen, Gilroy CA). Animals 

were raised in a 14-hour light / 10-hour dark cycle, and had food and water available ad 

libitum. Two groups of animals were used. The first group was enucleated on PO (n=15), 

while the second group was enucleated on P10 (n=16). Both had survival periods of 28 

days. 

Surgery 

One eye was removed, with right or left randomly chosen. The visual system 

contralateral to eye removal was deprived of normal activity, while the side ipsilateral to 

the removed eye was relatively undisturbed and served as a within-animal control PO 

animals were anesthetized by hypothermia by immersion in crushed ice for 5-8 min. As 

the surgery was performed, the cool body temperature was maintained as needed by ice 

immersion. P10 animals were anesthetized with 2.5% 2,2,2-tribromoethanol (1.0 ml / 

lOOg body weight; Aldrich, Milwaukee WI). The eyelids were opened along the eyelid 

slit, and the orbital fascia was cut. Using forceps, the eye was removed intact when 

possible. This often removed a portion of the optic nerve with the orbit. When the eye 

could not be removed as a whole, the eye socket was closely examined to assure that none 

of the retina was present. The eye socket was treated with several drops of the local 



anesthetic lidocaine (2%). The animals were rewarmed and were returned to the mother. 

Perfusion 

Following the 28 day survival period, the animals were deeply anesthetized with 

2.5% 2,2,2 tribromoethanol (2.0 ml /100 g body weight) and were transcardially 

perfused with 50 ml 0.9% saline at room temperature, followed by 50 ml 4% 

paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 at 4°C. The brains were removed 

and post-fixed overnight in paraformaldhyde at 4°C, and were transferred to 30% sucrose 

in 0.1 M phosphate buffer pH 7.4 for 3 days. The brains were then frozen at -25°C in 

isopentane for 5 min, followed by -80°C in isopentane for 5 min. The brains were 

wrapped in Saran wrap and aluminum foil and stored at -80°C. 

Tissue Sectioning 

Coronal sections 20 |im thick were cut at -25°C on a cryostat (Reichert-Jung) 

anterior to posterior at the level of visual cortex. The sections were thaw-mounted onto 

RNase-free slides (ProbeOn Plus slides, FisherBiotech, Pittsburgh PA). Adjacent or 

near- adjacent sections were taken successively for each of five series. One series each 

was used for in situ hybridization, Nissl stain and cytochrome oxidase stain, leaving two 

extra series. There ware five sections on average per slide and up to six slides per series. 



In Situ Hybridization 

The following procedure was modified from Simmons et aL (1989). A [35S]UTP 

(20 |il 1250 mCi/mmol; New England Nuclear, Boston MA) cRNA antisense probe was 

transcribed in vitro using linearized cDNA clone with a sp6 RNA polymerase (Promega, 

Madison WI). The RNA probe was diluted with hybridization buffer to a final 

concentration of 1x106 cpm/mL Instead of proteinase K digestion, the slide-mounted 

tissue was first rinsed for 30 min with a permeabilizing solution of 125 |il Triton-X, 25 

ml TRIS, 25 ml 0.5 M EDTA in 200 ml dH20, followed by a similar 5 min rinse without 

the Triton-X, followed by two 2X SSC washes (20X SSC: 175.3g NaCI and 88.2g 

sodiaum citrate in 800 ml dH20, pH to 7.0 and bring to 1L). The tissue was dehydrated 

in increasing concentrations of ethanol. The pretreatment and hybridization procedures 

were performed in one day, followed by the post-hybridization treatment after the 

overnight incubation. For the hybridization reaction, 95 ill of the radioactive antisense 

riboprobe was used and the slide was covered with a 24 x 50 mm coverslip, with copious 

amounts of DPX sealant (BHU Laboratory Supplies, London U.K.) on the edges of the 

coverslip to seal in the radioactivity and prevent drying of the radiolabeled probe. Then 

the slides were heated to 59°C overnight. Following the overnight incubation, the slides 

were washed for 30 min in a 4X SSC rinse. The coverslips were removed, and sections 

were rinsed in five 4X SSC washes each for 5 min. The tissue was treated with RNase A 

solution at 37°C to digest single stranded RNA. The tissue was washed in increasingly 

stringent rinses of low salt and high temperature to reduce non-specific hybridization. 

The tissue was dehydrated in increasing concentrations of ethanol and dried in a 



desiccator for 1 hr. The tissue and C-14 standards (ARC-146, American Radiolabeled 

Chemicals, St Louis MO) were covered with Hyperfilm (3-Max film (Amersham, 

Arlington Heights IL). C-14 standards were used for their long half-life and similar decay 

energy as S-35 (Miller, 1991). The film was exposed for 3-6 wks before developing 

according to the manufacturer's directions. 

Data Analysis 

Using a microcomputer imaging system (MCID M4, Imaging Research, St. 

Catharines, Ont. Can.), film density from the standards were calibrated to the known 

radioactivity levels standards to make a standard curve. Radioactivity levels in the 

imaged sections were obtained with reference to the standard curve. 

The visual cortex and dLGN were identified by comparing the images with 

adjacent Nissl stained sections and to an atlas (Paxinos and Watson, 1986). A patch was 

defined as the area in visual cortex expressing highest levels of oc3 mRNA and 

corresponded to layer IV on adjacent Nissl stained sections. Borders of the patch and 

dLGN were drawn, and the average density within each area was calculated. In both 

cases the boundaries were chosen based on a visible change in density from the 

surrounding regions. The density of the patch on the deprived side was compared with 

the patch density on the non-deprived side, and percent change was calculated for each 

section. An average percent change was calculated for the animal by averaging the 

percent change for each section, with 2 to 10 sections per structure being used per animal. 

Data were gathered similarly for dLGN density, and for areas of VI and dLGN. Two-
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tailed Student's t-tests (P<0.05) were used to determine if the changes in density or area 

were significant. 



RESULTS 

In some cases the hybridization solution dried unevenly under the coverslip leading 

to an edge effect in which sections were more densely labeled near the edge of the 

coverslip. Sections with an obvious edge effect were not used for data analysis. The 

remaining sections were further tested by measuring the density of <x3 mRNA in a test area 

in temporal cortex, which does not receive innervation by the visual pathway and was the 

later almost region on each section. Differences in labeling in the test area were probably 

due to edge effect alone, and the artifactual differences should be greater here than in 

dLGN or VI. Thus sections with minimal edge effect could be identified. Sections that 

showed a difference in the test area of more than 10% were not used for analysis of 

density, but were still used in calculating change in area (one animal was in this category). 

The percent change for VI and dLGN was calculated by subtracting the density of 

a3 mRNA on the non-deprived side from the density on the deprived side, and dividing by 

the density on the non-deprived side. An average percent change was calculated by 

averaging the percent change from each section. 

The density of a3 mRNA expression was compared in layer IV of VI and in 

dLGN between deprived ami non-deprived sides (Fig. 1). There was no significant change 

in a3 mRNA density in either layer IV of VI or dLGN following either the P0-P28 

deprivation or the P10-P38 deprivation (Fig. 2). Density of ot3 mRNA in the dLGN 

showed a slight (-3.1%) but not significant (P<0.06) decrease following the P10-P38 
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deprivation, but showed a slight (+1.3) but not significant (P<0.52) increase following 

the P0-P28 deprivation. The density of a3 expression in layer IV of VI showed slight but 

not significant increases following the P0-P28 (+1.5%, P<0.32) and P10-P38 (+5.3%, 

P<0.20) deprivations (Table 1). 

The area of dLGN decreased significantly by (13.3%) following the P0-P28 

deprivation (P<0.03). Area did not significantly change for layer IV of VI following 

either the P0-P28 (+3.5%, P<0.15) or P10-P38 (3.9%, P<0.60) deprivations, or for dLGN 

(-7.0%, /MhlO) following the P10-P38 deprivation (Fig. 3, Table 2). 
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Table 1: Percent Change in Density of a3 mRNA for Each Rat 

P0-P28 LGN P0-P28 VI P10-P38 LGN P10-P38 VI 
19.66 12.05 6.34 58.41 
12.05 11.14 5.64 11.37 
7.54 7.54 5.28 8.07 
4.17 4.17 2.52 6.70 
3.27 3.27 1 43 6.22 
2.24 3.10 -1.61 2.94 
-2.60 2.24 -1.83 1.46 
-2.74 -2.60 -3.07 0.54 
-2.92 -2.74 -3.30 -0.09 
-3.06 -2.88 -3.50 -0.59 
-3.64 -2.92 -5.63 -1.05 
-4.15 -3.06 -8.61 -1.19 
-5.43 -3.64 -8.85 -2.19 
-5.88 -4.15 -9.14 -4.65 

-11.41 6.00 
-14.00 

Mean 1.32 1.54 -3.10 5.33 
S.E.M. 7.46 5.59 6.25 15.45 
P -value 0.51 0.31 0.06 0.19 

S.E.M. = standard error of the means for individual rats. 
None of the groups showed statistically significant change. 



Table 2: Percent Change in Area for Each Rat 
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Mean 
S.E.M. 
P -value 

P0-P28 LGN P0-P28 VI P10-P38 LGN P10-P38 VI 
13.63 19.13 35.52 96.37 
11.14 11.48 21.82 16.84 
0.24 10.97 6.07 12.45 

-3.45 9.61 2.97 6.78 
-6.73 8.99 -7.80 5.54 
-11.21 7.69 -9.16 4.10 
-12.48 6.06 -9.67 0.83 
-15.96 5.93 -10.46 -2.47 
-16.35 2.96 -11.23 -3.02 
-20.94 2.23 -12.21 -6.45 
-23.90 1.89 -15.23 -6.54 
-24.60 -5.19 -18.71 -13.69 
-27.82 -5.68 -19.33 -13.76 
-28.42 -11.71 -19.65 -18.71 
-32.33 -12.25 -20.07 -19.65 

-24.42 

-13.28 3.47 -6.97 3.90 
14.06 8.88 16.27 27.78 
0.01 0.14 0.10 0.59 

S.E.M. = standard error of the means for individual rats. 
The only statistically significant change in area was for the dLGN, P0-P28. 



Figure 1. In situ Hybridization Autoradiograph 
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Figure 2. Percent Change in a3 mRNA Density 
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Figure 3. Percent Change in Area 
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FIGURE LEGENDS 

Figure 1. In situ hybridization through rat visual system following monocular enucleation 

Left column: deprived side. Right column: non-deprived side. Top row: P0-P28; Bottom 

row: P10-P38. Large Arrow points to the patch in visual cortex. Small arrow points to the 

dLGN. 

Figure 2. Percent change in <*3 mRNA density in dLGN and visual cortex patch. The 

percent change of dLGN and VI of each section was calculated by subtracting the density 

of the deprived side from the non-deprived side and dividing by the density of the non-

deprived side. Percent change was calculated by averaging the percent changes of 

individual sections. 

Figure 3. Percent change in area of dLGN and visual cortex patch. The percent change of 

dLGN and VI of each section was calculated by subtracting the area of the deprived side 

from the non-deprived side and dividing by the area of the non-deprived side. Percent 

change was calculated by averaging the percent changes of all sections. 

1£ 



DISCUSSION 

The first aim of this study was to extend the deprivation period used by Austin et 

al (1992) beyond P10 and examine the effects of eye removal on the expression of the 

nicotinic acetylcholine receptor a3 subunit mRNA in the visual system once the eye opens. 

This deprivation did not significantly decrease a3 mRNA expression in VI or dLGN 

following either 28-day survival period. The lack of significant decrease in the present 

study contrasts with a small (3%) but significant decrease found in previous studies with 

an early deprivation period but shorter survival periods P0-P10/P11 (Austin, personal 

communication). As the density of <x3 mRNA is greater early in development, a small 

percentage decrease might be more easily measured than lata1 in development. 

Nevertheless, neuronal activity plays at most a minor role in regulating gene expression 

throughout postnatal development. 

As up to 30-35% of neurons in dLGN have degenerated 30 days after monocular 

enucleation on P0 (Oh et aL, 1991), and as area decreases by only 13% under similar 

conditions, the numerical density of neurons should increase. Therefore a lack of change 

in density of a3 mRNA under these conditions implies a small decrease in a3 mRNA pa-

neuron. 

The second aim of this study was to examine the possibility of a critical period for 

sustaining decreased levels of a3 expression through development. However, neither the 

P0-P28 deprivation group nor the P10-P38 deprivation group showed significant 

11 
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decreases in a3 mRNA. Because of the large variability in the present study, it is not 

clear whether the decrease following P0-P10/P11 deprivation (Austin et aL, 1992) is 

followed by a return to normal levels after a longer survival period. If the decrease in ot3 

mRNA is transient, this would be similar to the effects of enucleation on the m2 subunit 

of the muscarinic acetylcholine receptor. (Rossner et aL, 1994). The lack of obvious 

effects of visual deprivation on <x3 mRNA density suggests that other factors, possibly 

intrinsic to dLGN and visual cortex, govern the postnatal expression of a3 mRNA. 
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