














Cavanagh, [18] who detailed the expression of mAChR-like
proteins of comparable molecular weights to the M3, M4, M5,
and either the M2 or M1 receptors in cultured rabbit corneal
cells. The CHRM2 subtype mRNA was not detected in the
current study depite the use of multiple amplification
conditions. This subtype has been reported in bovine epithelial
cells by Socci et al. [59,60] using the same technique and
recently in human corneal epithelium and endothelium using
immunohistochemistry. While this discrepancy may reflect
species differences, it is difficult to prove that a protein is not
expressed in a particular tissue. This is evidenced by the fact
that the CHRM1,CHRM3, and CHRM4 transcripts were not
detected in the Socci et al. [59,60] study and the M1 and M3
receptors were not found in the human cornea.

Despite the presence of all receptor subtypes in the tree
shrew retina, choroid, and sclera, mAChR subtype gene
expression was not altered after 1 (before significant structural
change) or 5 (after significant ocular elongation) days of
myopia development. This is somewhat surprising if mAChR
signaling is directly involved in eye growth since these tissues
have been implicated in the local control of eye growth and
the stimulation of mAChRs is known to alter subtype gene
expression [36,61]. However, these data are generally
consistent with previous work investigating the cholinergic

system during myopia development. Within the retina,
receptor density [27,39,62], levels of acetylcholine [63], and
the activity of choline acetyltransferase [64] have all been
reported to remain unchanged during the development of
myopia. Likewise, studies on choroidal receptor density and
affinity have shown no myopia-induced difference [39]
despite earlier evidence of altered choline acetyltransferase
activity in the choroid of form-deprived chicks [64].

Muscarinic receptors have long been implicated in
myopia development due to the inhibitory effects of mAChR
antagonists such as atropine, pirenzepine, and himbacine [26,
29,34]. Yet, while the efficacy of these drugs is not a result of
ocular toxicity [65], the mechanism remains unclear. Based
on the retinal data showing unchanged receptor density/
activity, the high doses required to inhibit experimental
myopia, and the inability of quisqualic acid treatment to affect
atropine-induced prevention of myopia [37], an extra-retinal
site has been proposed. The current gene expression data
supports a non-retinal site of action for these drugs. However,
it provides no evidence for choroidal and/or scleral mAChR
involvement during myopia development. While the
investigation of choroidal and scleral mAChR protein
expression would be required to discount post-translational

TABLE 2. OCULAR MEASURES FOR NORMAL TREE SHREWS AND THOSE UNDERGOING FIVE DAYS OF MONOCULAR DEPRIVATION.

Ocular measures
Normal group                                                          Myopic group

Normal eyes Control eyes Treated eyes Treated-control eyes
Refraction (D) 8.6±0.1 8.4±0.1 0.3±0.5 -8.1±0.6**
Vitreous chamber depth (mm) 2.79±0.01 2.82±0.02 2.98±0.02 0.17±0.01**
Axial length (mm) 7.12±0.02 7.09±0.04 7.29±0.06 0.20±0.02*

Tree shrew ocular measures were taken before the isolation of the tissue samples. Refraction, vitreous chamber depth, and axial
length are shown for the normal (visually unmanipulated) animals and the 5 day monocular deprived (myopic) group. Data are
shown as mean±SEM, n=6. The asterisk indicates p<0.001, and the double asterisk indicates p<0.0001.

Figure 4. Regulation of retinal
muscarinic receptor subtype gene
expression during myopia development.
The regulation of the five mAChRs was
assessed in the tree shrew retina using
real-time PCR and the DNA-binding
dye, SYBR green I. Data was calculated
relative to the housekeeping gene,
HPRT, and expressed relative to the
contralateral control eye (for myopic
groups) or left/right eyes (for normal
groups). Data are shown as the mean
percentage change±SEM (n=6).
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alterations during myopia, an indirect role for mAChRs in eye
growth appears more likely.

One such indirect effect of muscarinic antagonists on eye
growth was proposed by Schwahn et al. [66]. In their study,
an in vitro application of atropine induced a spreading
depression in the retinal ERG response while the inhibition of
myopia in vivo was accompanied by an increase in dopamine
release. Such data lead to the hypothesis that atropine may
interrupt the ocular growth signal via excessive retinal
dopamine release. Whether such an effect would be via
receptoral or non-receptoral mechanisms is unclear. However,
the capacity of antagonists to utilize non-muscarinic
mechanisms has been previously reported [67].

becoming a more commonly used model in eye growth
studies, there are limited data describing the scleral response
(structural and biochemical) during myopia development.
Therefore, it is difficult to compare the two models. An
important consideration in comparing the two studies is that
Liu et al. [40] induced myopia over a 21 day period rather than
the 1 and 5 day period used in the current study. Thus, the
observed alterations in M1 and M4 receptor expressions may
reflect later changes arising from the enlarged eye rather than
reflecting a causal relationship with eye growth. With respect
to methodological issues, the guinea pig gene expression data
was estimated from ethidium bromide band intensity using
non-competitive end point PCR. Quantitative assessment of
mRNA expression requires the measurement of the log-linear
phase of the PCR amplification curve since the linear phase
(end point) of the amplification curve can be affected by
technical limitations such as primer-dimer formation and

Figure 5. Regulation of choroidal
muscarinic receptor subtype gene
expression during myopia development.
The regulation of the five mAChRs was
assessed in the tree shrew choroid using
real-time PCR and the DNA-binding
dye, SYBR green I. Data was calculated
relative to the housekeeping gene,
HPRT, and expressed relative to the
contralateral control eye (for myopic
groups) or left/right eyes (for normal
groups). Data are shown as the mean
percentage change±SEM (n=5 for 1 and
5 day CHRM2 gene data, all other data
n=6).

Figure 6. Regulation of scleral
muscarinic receptor subtype gene
expression during myopia development.
The regulation of the five mAChRs was
assessed in the tree shrew sclera using
real-time PCR and the DNA-binding
dye, SYBR green I. Data was calculated
relative to the housekeeping gene,
HPRT, and expressed relative to the
contralateral control eye (for myopic
groups) or left/right eyes (for normal
groups). Data are shown as the mean
percentage change±SEM (n=5 for 5 day
myopia data, 1 day myopia and normal
data, n=6).
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The current study directly contradicts the data of Lui et
al. [40] where M1- and M4-specific increases in mAChR gene
and protein expression were observed in the guinea pig during
myopia development. This discrepancy may reflect species
differences or methodological issues. While the guinea pig is
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reduced reagent concentrations. Therefore, the linear phase
provides limited quantitative information [68].

An earlier report of M1 and M4 regulation in the retina,
choroid, and sclera after pirenzepine inhibition of myopia
development in the guinea pig [69] could also be interpreted
as demonstrating a direct muscarinic eye growth mechanism.
Such an interpretation could be supported by data showing
pirenzepine, being M1 selective, and himbacine (M4
selective) specifically inhibit experimentally induced myopia.
However, an addition of muscarinic antagonists is known to
result in increased receptor expression [61], and it is unclear
from the report whether the pirenzepine-induced increase in
the M1 and M4 receptors directly reduced the myopia or was
merely a result of it. Nevertheless, while there appears to be
limited if any change in the ligands or receptors within the
acetylcholine system in most animal models of myopia
development, it is possible that alterations in downstream
muscarinic signaling may directly modulate eye growth. For
example, mAChR internalization, desensitization, and
downregulation of signal transduction elements can also
function to modulate receptor-mediated function [61]. Further
work will be required to investigate these possibilities.

Tree shrew retina, choroid, and sclera express all five
mAChR subtypes, but there is no alteration in tissue
expression levels during myopia development. The lack of
any regulatory change in the gene expression of the retinal,
choroidal, and scleral receptors suggests an indirect role for
the acetylcholine system in eye growth. Future work will
target alternate regulatory pathways outside the acetylcholine
system to characterize the mechanism used by muscarinic
antagonists to inhibit myopia development.
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