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Abstract

The high-affinity choline transporter (CHT) is a protein integral to the function of cholinergic
neurons in the CNS. We examined the ultrastructural distribution of CHT in axonal arborizations
of the mesopontine tegmental cholinergic neurons, a cell group in which CHT expression has yet
to be characterized at the electron microscopic level. Using silver-enhanced immunogold
detection, we compared the morphological characteristics of CHT-immunoreactive axon
varicosities specifically within the anteroventral thalamus (AVN) and the ventral tegmental area
(VTA). We found that CHT-immunoreactive axon varicosities in the AVN displayed a smaller
cross-sectional area and a lower frequency of synapse formation and dense-cored vesicle content
than CHT-labeled profiles in the VTA. We further examined the subcellular distribution of CHT
and observed that immunoreactivity for this protein was predominantly localized to synaptic
vesicles and minimally to the plasma membrane of axons in both regions. This pattern is
consistent with the subcellular distribution of CHT displayed in other cholinergic systems. Axons
in the AVN showed significantly higher levels of CHT immunoreactivity than those in the VTA
and correspondingly displayed a higher level of membrane CHT labeling. These novel findings
have important implications for elucidating regional differences in cholinergic signaling within the
thalamic and brainstem targets of the mesopontine cholinergic system.
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The Na+/Cl- dependent high-affinity choline transporter (CHT) supplies substrate for the
synthesis of acetylcholine (ACh) in central and peripheral cholinergic neurons (Haga and
Noda, 1973; Loffelholz and Klein, 2006; Takashina et al., 2008; Wecker and Dettbarn,
1979; Yamamura and Snyder, 1972,1973). Due to its high affinity for choline, this protein
can meet the demand for local ACh synthesis during prolonged activation of cholinergic
neurons (Simon et al., 1976; Simon and Kuhar, 1975). Blockade of choline transport leads to
subsequent depletion of ACh in brain synaptosomes and at the neuromuscular junction
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(Bazalakova et al., 2007; Guyenet et al., 1973; Zapata et al., 2000). Expression of the
transporter is therefore necessary to successful cholinergic transmission and ultimately to
survival in mammals (Ferguson et al., 2004).

The regional and cellular expression of CHT mRNA and the localization of CHT protein
closely match that of other selective markers of cholinergic phenotype in the rodent and
primate nervous system (Ferguson et al., 2003; Kus et al., 2003; Misawa et al., 2001).
Nevertheless, the transcription and translation of CHT are dissociable from those of the
synthetic enzyme, choline acetyltransferase (ChAT) and the vesicular acetylcholine
transporter (VAChHT) (Eiden, 1998; Erickson et al., 1994; Lecomte et al., 2005).
Furthermore, CHT shows a different expression profile from these other markers during
development (Lecomte et al., 2005), following injury (Oshima et al., 2004), and in some
pathological conditions (Slotkin et al., 1994; Slotkin et al., 1990).

At the ultrastructural level, CHT is localized mainly to synaptic vesicles in the cytoplasmic
compartment of axon terminals, with only a small proportion associated with the plasma
membrane (Ferguson et al., 2003; Nakata et al., 2004). This subcellular localization suggests
the existence of a recruitable pool of cytoplasmic transporters, consistent with decades of
biochemical research showing that high-affinity choline uptake can be dramatically
increased through the rapid insertion of new transporters into the plasma membrane, a
process mediated by the fusion of CHT-containing synaptic vesicles with the plasmalemma
(Antonelli et al., 1981; Ferguson et al., 2003; Ferguson and Blakely, 2004; Haga and Noda,
1973; Murrin and Kuhar, 1976; Roskoski, 1978; Simon and Kuhar, 1975). Membrane-bound
CHT is also internalized through clathrin-dependent endocytosis (Ribeiro et al., 2003). The
number of membrane bound transporters is therefore determined by the rates of exo- and
endocytosis. Furthermore, the rate of endocytosis can be influenced by the activity of protein
kinases and phosphatases in the axon terminal (Breer and Knipper, 1990; Gates et al., 2004;
Vogelsberg et al., 1997). It therefore seems likely that external signaling events in the
vicinity of cholinergic terminals could potentially influence the number of active
transporters in the plasma membrane, independent of any action on the rate of acetylcholine
release (Breer and Knipper, 1990).

Functional investigations of high-affinity choline uptake in synaptosomes have focused
largely on striatal, hippocampal, and cortical tissues. Both the basal rate of choline uptake
and modulation of high-affinity choline uptake have been shown to differ between striatal
and cortical tissue (Stanton and Johnson, 1987; Wecker and Dettbarn, 1979). This is not
surprising given that the cholinergic innervation of the striatum and cortex arise from
separate systems. The characteristics of high-affinity choline uptake have not been described
for the projections of the brainstem pedunculopontine (PPT) and laterodorsal tegmental
(LDT) cholinergic neurons; therefore, it is not known whether the low level of membrane
incorporation of CHT is a property of this system as well.

PPT and LDT cholinergic cells provide ascending modulation to a variety of subcortical
structures. These neurons are the predominant source of ACh to the thalamus (Hallanger and
Wainer, 1988; Sofroniew et al., 1985), and the midbrain ventral tegmental area (VTA)
(Gonzalo-Ruiz et al., 1995; Gould et al., 1989). They also project to the basal forebrain
cholinergic system (Losier and Semba, 1993), and thus can theoretically influence signaling
in a diverse and large group of forebrain structures. It has been suggested that PPT/LDT
cholinergic neurons modulate forebrain processing of environmental stimuli, thus
facilitating externally directed behavioral responses (Kobayashi and Isa, 2002).

We wished to examine the ultrastructural distribution of CHT protein in the projections of
cholinergic PPT/LDT neurons in intact animals. We chose to examine the terminal fields of

J Comp Neurol. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holmstrand et al.

Page 3

these neurons in the VTA because of their demonstrated role in general motivational
processes (Ikemoto and Panksepp, 1996; Pan and Hyland, 2005) and their relevance to
nicotine addiction in particular (Corrigall et al., 2002; Lanca et al., 2000; Laviolette and van
der Kooy, 2003; Pidoplichko et al., 2004). For comparison, we examined cholinergic
terminals in the anteroventral nuclei of the thalamus (AVN) for two reasons. First, the
cholinergic innervation of this particular thalamic nucleus is relatively dense (Heckers et al.,
1992; Holmstrand et al., 2006; Sofroniew et al., 1985) and probably arises exclusively from
the brainstem cholinergic system (Gonzalo-Ruiz et al., 1995; Shibata, 1992), at least in the
rat (see (Parent et al., 1988)). Secondly, the AVN is an important component of the limbic
system and so is linked functionally with the VTA, even though there are no direct
connections between the two regions (Geisler and Zahm, 2005; Shibata, 1992). We
examined CHT-containing axonal profiles in these nuclei at the ultrastructural level and
compared the morphology, synaptology, and both the overall density of CHT immunogold
reactivity and the specific membrane density of CHT in cholinergic axons innervating these
regions. Preliminary accounts of this investigation were previously reported in abstract form
(Holmstrand et al., 2006,2008).

Materials and Methods

Subjects

All animal procedures were carried out with approval from the Institutional Animal Care
and Use Committee at the University of Pittsburgh. Male Sprague-Dawley rats (Hilltop Lab
Animals, Inc., Scottdale, PA) weighing 300-400 g were deeply anesthetized with sodium
pentobarbital (60 mg/kg i.p.) and pretreated for 15 minutes with sodium
diethyldithiocarbamate (DEDTC, Spectrum Chemical Corp., Gardena, CA; 1 mg/kg i.p.) to
prevent silver enhancement of endogenous zinc ions in axon terminals (Veznedaroglu and
Milner, 1992). A cohort of paired animals were then perfused using a transcardial approach
with 50 mL of heparinized saline (1000 U/mL), followed by 500 mL of 3%
paraformaldehyde and 0.15% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (PB). The
brains were removed and cut in the coronal plane to yield 3-4 mm thick blocks. Tissue was
then post-fixed overnight in the same fixative at 4°C. Brains were sectioned through the
anterior thalamus and the midbrain to a thickness of 50 um and collected in PB. Sections
were treated with 1% sodium borohydride in PB for 30 minutes and rinsed extensively.

Immunohistochemistry

Sections were labeled by immunoperoxidase or immunogold-silver using a polyclonal
antibody raised in rabbit against the C-terminus 15 amino acid sequence that is conserved in
the human, mouse and rat CHT protein. Several lines of evidence support the specificity of
this antibody (Ferguson et al., 2003). The antiserum labels a band of the predicted molecular
weight for CHT by Western blot analysis of mouse whole tissue or brain synaptosomes and
from PC12 cells transfected with human CHT. This immunoreactive band is absent from
kidney and from PC12 cells transfected with empty vector. Immunohistochemical labeling
with the polyclonal rabbit antibody conforms to the expected distribution of cholinergic
neurons and fibers throughout the mouse and rat brain and at the neuromuscular junction,
and is co-localized with other markers of cholinergic phenotype but not other transmitters.
Pre-adsorption with the immunizing peptide abolishes this labeling (Ferguson et al., 2003).
Finally, immunolabeling is absent from CHT —/— mice (Ferguson and Blakely, 2004).

Sections for immunoperoxidase visualization of CHT were rinsed in 0.1 M Tris-buffered
saline, pH 7.6 (TBS) and incubated for 30 minutes in a blocking solution containing 1%
bovine serum albumin (BSA), 5% normal donkey serum (NDS, Jackson Immunoresearch
Laboratories, Inc., West Grove, PA), and Triton X-100 (Sigma, St. Louis, MO) at 0.2% or
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0.04% for light or electron microscopy, respectively. Sections were then transferred to
blocking solution containing the polyclonal rabbit anti-CHT at 1:1000 and incubated
overnight at 4°C. After rinsing, sections were incubated for 30 minutes in biotinylated
donkey anti-rabbit IgG (Jackson Immunoresearch) diluted at 1:400 in blocking solution.
Excess secondary antibody was removed with several rinses in TBS, and sections were
incubated in ABC solution (Vectastain kit, Vector Laboratories, Burlingame, CA) for 30
minutes. Peroxidase product was developed by incubation in 0.022% diaminobenzidine
(Sigma) and 0.003% hydrogen peroxide for 3 minutes. Sections for light microscopy were
rinsed extensively in TBS and 0.01 M phosphate buffered saline prior to mounting on
Superfrost microscope slides (Fisher Scientific, Pittsburgh, PA). After drying, slides were
dehydrated through a series of increasing ethanol concentrations, defatted in xylene, and
coverslipped with Cytoseal-60 mounting medium (Richard Allen Scientific, Kalamazoo,
MI). Immunoperoxidase labeled sections for electron microscopy were prepared as detailed
below.

Sections for pre-embedding gold-silver immunostaining were treated according to the
recommended protocol included with the Aurion RGent SEM kit (Electron Microscopy
Sciences, Hatfield, PA). Sections were rinsed in 0.02 M phosphate buffered saline, pH 7.4
(PBS) and permeabilized in 0.05% Triton X-100 for 10 minutes. Non-specific antigenic sites
were blocked by a 30 minute incubation in PBS containing 5% BSA, 5% NDS, and 0.1%
fish gelatin (GE Healthcare Life Sciences, Waukesha, WI). Sections were then rinsed in an
incubation buffer containing 0.2% acetylated BSA (Aurion BSAc, Electron Microscopy
Sciences) and incubated overnight at 4°C in incubation buffer containing primary antibody
(rabbit anti-CHT, 1:1000). Sections were rinsed extensively in incubation buffer and placed
in vials containing secondary antibody (Aurion donkey anti-rabbit 0.8 nm gold conjugate,
1:50, Electron Microscopy Sciences) and 5% NDS in the same buffer. Secondary antibody
binding occurred overnight at 4°C. After rinsing in incubation buffer and PBS, antibody
complexes were fixed by incubation for 10 minutes in 2% glutaraldehyde in PBS. Following
several rinses in PBS, gold particles were silver-enhanced using the Aurion RGENT SEM
kit, according to the manufacturer’s instructions and using the optional enhancement
conditioning solution (Aurion ECS, Electron Microscopy Sciences). Silver enhancement
proceeded from 45-75 minutes and was terminated by several rinses in ECS, followed by
0.1 M PB.

Tissue preparation for light and electron microscopy

Brightfield micrographs were captured on an Olympus BX-51 microscope (Olympus
America Inc., Center Valley, PA) equipped with a CCD camera (Hamamatsu, Bridgewater,
NJ). Acquired images were imported into Adobe Photoshop (Adobe Systems Incorporated,
San Jose, CA) and modified to match brightness and contrast.

Immunoperoxidase and immunogold-silver reacted tissue was processed for electron
microscopy by incubation in 2% osmium tetroxide in 0.1 M PB for 1 hour, dehydrated
through a series of increasing ethanol concentrations, treated with propylene oxide, and
infiltrated with an epoxy resin (EMBed-812, Electron Microscopy Sciences). Sections were
then flat-embedded between sheets of commercial plastic (Aclar, Electron Microscopy
Sciences). Ultrathin (60—70 nm) sections were cut through the regions of interest on a Leica
Ultracut ultramicrotome (Leica Microsystems, Bannockburn, IL) and mounted on either
copper mesh grids or carbon coated copper slot grids (Electron Microscopy Sciences).
Sections were then counterstained with 5% uranyl acetate and lead citrate and examined on
a transmission electron microscope (Morgagni, FEI Company, Hillsboro, Oregon) equipped
with a CCD camera (Advanced Microscopy Techniques, Danvers, MA). Digital
micrographs of labeled axonal profiles were captured at 14,000 — 28,000x magnification and
adjusted for exposure and contrast in Adobe Photoshop.
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Image analysis

In cholinergic projections to the cortex, it has been shown that the synaptic incidence
extrapolated from single section observations is equal to the rate of synapse formation
obtained from the analysis of serial ultrathin sections (Umbriaco et al., 1994). However, this
relationship has not yet been established for the projections of the PPT/LDT cholinergic
cells. We therefore evaluated the rate of synapse formation observed in serial section data
and compared this to an extrapolated synaptic incidence calculated from data obtained only
from single sections.

For each rat, two vibratome sections were examined through each region. For most CHT
immunolabeled profiles, we were able to obtain a series of micrographs from adjacent
ultrathin sections, and we used these profiles to determine if each displayed a synaptic
specialization (n = 637, Data set #1, Table 1). We also used this first data set to determine
whether each CHT labeled profile contained at least one dense-cored vesicle or none.

To further analyze the extent of synapse formation, we utilized a second data set of single
sections through CHT immunoreactive profiles from 3 of the 6 animals (n = 410, Data set
#2, Table 1) and applied a well-accepted method for post hoc size correction to generate an
extrapolated synaptic incidence (Beaudet and Sotelo, 1981). By comparing the values
obtained from the serial sections with that extrapolated from single section analysis, we
could determine if this extrapolation method can accurately estimate synaptic incidence in
these brain regions. More specifically, we recorded the minimum diameter (D), and length
of the synaptic junction (d) for each of these profiles. We also measured the thickness of our
sections (w) using the minimal fold method (Small, 1968). We computed the means of these
measurements for each region, and applied the following equation:

P=(d/D)"(2/m)+(w/D);

where P is the probability of observing a synapse in a single section through an axonal
profile if all profiles form one synapse (Beaudet and Sotelo, 1981). In other words, P*(true
synaptic incidence) = single-section synaptic incidence. We therefore divided the rate of
synapse formation we observed in our single section sample by this probability (P) to
generate the extrapolated synaptic incidence.

For the analysis of CHT immunogold localization, we used a third data set consisting of
single sections through each profile from both Data sets #1 and #2 (n = 1047, Data set #3,
Table 1). To avoid bias in the selection of a single image through the serial micrographs
from Data set #1, we chose the image that was photographed first, regardless of its position
within the series. In this case, we assumed that the first encounter with a profile constituted a
random event.

Using a commercial image analysis software program (SimplePCi, Hamamatsu), we
measured immunoreactive profiles and recorded the number of gold particles in the
cytoplasm and associated with the plasma membrane. From these data, we derived the
following measurements: (1) profile area, 2) profile perimeter, 3) total gold density of CHT
immunogold particles, defined as the total number of gold particles per unit profile area, and
4) membrane density of CHT immunogold particles, defined as the number of membrane
associated gold particles per unit profile perimeter. Membrane gold particles were defined as
those immediately in contact with the plasmalemma or separated by no more than 20 nm,
based on estimates of gold particle and immunoglobulin size (Mathiisen et al., 2005).
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Silver-enhanced gold particles were observed at high density in axonal profiles that clearly
contained synaptic vesicles. The presence of a lower density of gold-silver particles in some
dendrites suggested a certain degree of background staining, which varied between animals.
Therefore, when there was any concern regarding specific gold labeling in axons, these
profiles were followed in a short series of adjacent sections. Profiles that contained fewer
than 10 gold particles per square micron were excluded from our sample unless consistent
immunolabeling was observed in at least 3 serial micrographs. Non-specific background
labeling was similar in the two regions, averaging 1.6 = 1.3 gold particles per pm? in the
AVN vs. 1.7 + 1.4 gold particles per pm? in the VTA. Specific gold-silver labeling in the
final data set was determined to be at least 2.5 times above background levels, with the
majority of profiles well beyond this minimum level.

Statistical analysis

Serial micrographs from the first data set (Table 1) were examined for the presence of
synaptic specializations and dense-cored vesicles. The probabilities of synapse presence and
dense-cored vesicle presence were modeled using generalized linear mixed models based on
the Bernoulli distribution, with the logit as the link function. Brain region was treated as a
fixed effect. Animal pair was also treated as a fixed effect to account for the fact that animal
tissue was processed in pairs. To account for the correlation among observations within an
animal and among observations within each Vibratome section, animal and section nested in
animal were treated as independent normally distributed random effects.

The remaining dependent measures were analyzed from the third data set of all labeled
profiles (Table 1). A linear mixed model was used to model the profile area of CHT-
immunoreactive structures, with brain region and animal pair treated as fixed effects. To
account for the correlation among observations within an animal and among observations
within each Vibratome section, animal and section nested in animal were treated as
independent normally distributed random effects.

A generalized linear mixed model, based on a Poisson distribution, was used to model total
gold density of CHT immunogold positive profiles, with the log as the link function and the
natural logarithm of profile area as an offset variable. Brain region and animal pair were
treated as fixed effects. To account for the correlation among observations within an animal
and among observations within each Vibratome section, animal and section nested in animal
were treated as independent normally distributed random effects.

Membrane density of CHT immunogold positive profiles was modeled in a manner similar to
that of total gold density of CHT immunogold positive profiles. The only difference arose
from the fact that the model for membrane density used the natural logarithm of profile
perimeter as an offset variable and included total gold density and the interaction between
brain region and total gold density as fixed effects, in addition to brain region and animal
pair.

The analysis of profile area was implemented in SAS PROC MIXED (Version 9.2, SAS
Institute Inc., Cary, NC), while all other analyses were implemented in SAS PROC
GLIMMIX. The Kenward-Roger degrees of freedom method was used in each analysis.
When testing for the significance of fixed effects in a mixed model, the Kenward-Roger
method is generally recommended to approximate the denominator degrees of freedom in
subsequent F tests (Littell et al., 2006). This method corrects for the fact that the estimated
variability of the fixed effects parameter estimates tends, on average, to be lower than the
actual variability of these estimates.

All statistical tests were conducted at the 0.05 significance level.
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Results

Light microscopic detection of CHT

Immunoperoxidase staining was used to examine the distribution of CHT in the AVN and
VTA (Fig. 1). The AVN division of the thalamus contained dense puncta immunoreactive
for CHT that were suggestive of axon varicosities. Such profiles were notably absent from
the adjacent anterodorsal thalamic nucleus (Fig. 1A). In the VTA, similar axon-like
immunoreactive puncta were observed, although the innervation appeared to be less dense
(Fig. 1B).

Ultrastructural detection of CHT

Immunoperoxidase labeling for CHT was observed mainly in unmyelinated axonal profiles
in the AVN and VTA (Fig 2). By qualitative estimation of both light and electron
micrographs, it appeared that the AVN contained a higher density of CHT-labeled profiles
(Fig. 1, inserts; Fig. 2); however, this was not quantified further. In the VTA, occasional
myelinated axons were also found to contain CHT. The efferent fibers of the oculomotor
nerve pass through the VTA without synapsing, and given that these are cholinergic
premotor axons, we restricted our examination to only the unmyelinated profiles likely to
represent brainstem cholinergic axons. Immunogold-silver labeling for CHT was also
localized primarily to unmyelinated axonal profiles in the AVN and VTA (Fig 3). With
either staining method, CHT-labeled axon varicosities in both regions formed axodendritic
synapses with either symmetric or asymmetric morphology and contained mainly small-
clear and occasional dense-cored vesicles (Figs. 2,3). These morphological features were
more easily visualized with the immunogold-silver method, and this approach was therefore
used to investigate regional differences in the frequency of observation of synaptic
specializations and dense-cored vesicles (see below). By either immunoperoxidase or
immunogold labeling methods, CHT-containing axons in the AVN appeared to be smaller
and more densely labeled than profiles in the VTA. These apparent differences were also
compared quantitatively using immunogold-silver labeling for CHT.

Morphological features of CHT-labeled axon varicosities in the AVN and VTA

For the more exhaustive approach of counting synapses in serial sections, we included only
profiles for which 3 or more serial micrographs were available to examine. This subset of
CHT-labeled profiles was also used for statistical comparison between the AVN and VTA.
The majority of this data came from 5 of the 6 rats (Data set #1, Table 1); sections from
animal 2 were collected only on mesh grids and yielded few sets of serial micrographs. In
the AVN, 333 CHT-immunoreactive axon varicosities were examined in serial ultrathin
sections, and of these, 120 (36%) formed synaptic specializations of the symmetric or
asymmetric type. In the VTA, 304 CHT-labeled profiles were analyzed in serial, and 144 of
these (47%) were synaptic. There was a significant effect of region on the synaptic incidence
of the profiles examined (t(g33)= —2.69, p = 0.0074), indicating that CHT axons in the VTA
were more commonly observed to form synapses than those in the AVN. There was no
significant effect of animal pair. Furthermore, there were no apparent differences across
region in the extent to which CHT-labeled profiles formed symmetric (33% in the AVN
versus 34% in the VTA) or asymmetric (60% in the AVN versus 54% in the VTA) synapse
types; the remaining synapses had indeterminate morphology.

From single sections (Data set #2, Table 1), we observed 51 synapses from a total of 205
CHT-labeled varicosities (25%) in the AVN. In the VTA, we observed 60 synapses from a
total of 205 CHT-labeled profiles examined (29%). These profiles had a mean diameter of
0.38 pm (AVN) and 0.58 pm (VTA), with a mean synapse length of 0.32 um (AVN) and
0.47 um (VTA). The mean section thickness in these micrographs was 65 nm (AVN) and 69
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nm (VTA). Using the equation described in the methods, we obtained an extrapolated
synaptic incidence of 35% in the AVN, compared to 36% observed in our serial sections.
For the VTA, the extrapolated synaptic incidence was 47%, identical to the rate observed in
our serial sections. The close agreement of the extrapolated synaptic incidence with results
obtained from serial ultrathin section analysis suggests that extrapolation from single
sections is an appropriate method for application to the brainstem cholinergic projection
system, and may be used in place of the more labor-intensive serial examination.

CHT-positive varicosities were also analyzed in serial sections to determine whether dense-
cored vesicles were present. In the AVN, 13% (44/333) of CHT-labeled profiles contained at
least one dense-cored vesicle, compared to 29% (87/304) in the VTA. This regional
difference was also statistically significant (t(17.5y= —2.58, p = 0.0191), confirming that
dense-cored vesicles were more commonly observed in the VTA CHT-positive population.
There was no significant effect of animal pair.

Size of CHT-labeled axon terminals in the AVN and VTA

To quantify possible regional differences in the size and immunolabeling density of CHT-
positive profiles, a larger data set was utilized in which profiles were collected from both
serial and single section analyses (Data set #3, Table 1). For the AVN, 538 CHT-positive
axon varicosities were measured, and their mean size was 0.41 pm?2 (+ 0.13 SD). In the
VTA, 509 profiles had a mean size of 0.63 pm? (+ 0.12 SD). Figure 4 shows the distribution
of observed profile areas and illustrates that similar ranges of areas were observed for both
regions and that the distributions were overlapping. However, a large proportion of AVN
profiles had small areas (> 90% in the first three bins), whereas VTA profiles were more
likely to be of moderate area, as evidenced by the rightward shift of the VTA distribution
compared to that of the AVN (Fig. 4A). Statistically, there was a significant regional
difference in profile area (t20.6) = —4.18; p = 0.0004), indicating that the population of
CHT-positive varicosities in the AVN is on average smaller than that in the VTA. There was
also a significant effect of animal pair (F(2, 20.6) = 6.49; p = 0.007). The reason for this is not
clear, but it might reflect the fact that animals within pairs were more likely to be the same
age and weight and might even have been litter mates. Alternatively, the significant effect of
animal pair might be due to differences in tissue shrinkage during the fixation, dehydration,
and/or plastic embedding processes that would be expected to occur, as animal pairs were
processed at different times.

Total gold and membrane gold densities of CHT-labeled axon terminals in the AVN and

VTA

CHT-labeled varicosities in the AVN appeared to contain more total gold-silver particles
than those in the VTA, although a considerable range was also evident (Figs. 3, 5). In the
AVN, CHT-positive axon varicosities had a mean total gold density of 43.5 (+ 17.0 SD)
gold particles per unit area versus a density of 22.8 (£ 4.4 SD) in the VTA. As shown in
Figure 6A,B, this difference reflects a larger proportion of profiles with low total gold in the
VTA as compared to the AVN. The total gold density of CHT-labeled axonal profiles was
significantly different between the AVN and VTA populations (F(y, 29) = 18.89, p = 0.0003).
There was also a significant effect of animal pair (F,, 29) = 4.45, p = 0.0252), indicating that
total gold density was more similar within than across pairs. This is not surprising given that
tissue from paired cohorts were processed at separate times using different batches of
immunoreagents.

The greater density of total gold labeling might be expected to raise the probability of gold-
silver particles contacting the plasma membrane (compare for example, Fig. 5A and 5D).
Therefore the set of all CHT-labeled profiles was also analyzed for membrane gold density,
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which had mean values of 1.05 (+ 0.42 SD) and 0.55 (x 0.09 SD) gold particles per unit
perimeter in the AVN and VTA, respectively. As shown in Figure 6 C,D, this apparent
difference reflects a larger proportion of profiles with high membrane gold densities in the
AVN versus the VTA. The difference in membrane gold density was significant between
regions (F1,25.14) = 24.32, p < 0.0001); the effect of animal pair was not significant. As
expected, total gold density also had a significant effect on membrane gold density

(F(1, 1041) = 684.00, p < 0.0001). However, there was also a significant interaction effect of
region and total gold density on the membrane gold density (F(1, 1041) = 21.94, p < 0.0001),
indicating that although membrane gold density was dependent on total gold density in both
regions, the relationship between these variables differed significantly between regions. In
other words, total gold density drove membrane gold density in a region-specific manner.

Discussion

This study represents the first ultrastructural investigation of the distribution of CHT in the
rat thalamus and midbrain as representative target areas of the brainstem mesopontine
cholinergic system. The morphology and synaptology of the axons displaying CHT
immunoreactivity in both regions were relatively well matched to profiles identified by other
markers of cholinergic projections in the published literature. Nevertheless, direct
comparison of CHT immunolabeled boutons in the rat AVN versus the VTA revealed some
important differences, both in the morphological characteristics of these axon varicosities,
and in the density and localization of the transporter. Labeled axons in the AVN were
smaller and less frequently formed synaptic specializations with neuronal elements than
those in the VTA. AVN profiles were also less frequently observed to contain dense-cored
vesicles. Finally, AVN varicosities contained more total CHT immunogold particles than
their VTA counterparts and showed a higher density of transporters associated with the
plasma membrane.

Limitations of the methods

The principal limitation of immunoelectron microscopy is the potential for false negative
results based on restricted penetration of immunoreagents. The efficiency of the
preembedding immunogold-silver method in particular is limited by incomplete penetration
of gold-conjugated secondary antibodies, and the need to minimize exposure to detergents
that degrade phospholipid membranes. To reduce false negatives, we therefore examined
tissue from only the first few microns of each section. We also used a stringent but
consistent inclusion criterion to avoid false positives (see Materials and Methods).
Therefore, we acknowledge that our sampling may have excluded some cholinergic axons
that express low levels of CHT. As profiles in the VTA generally displayed a lower level of
staining overall, this may have resulted in a more restricted sample population in this region.
Nevertheless, the analysis involved thalamic and midbrain sections from the same animals
exposed to the same batches of immunoreagents and subjected to the same sampling
scheme. Moreover, the range of observed values overlapped considerably for both regions.
Hence, the reported findings are likely to reflect true regional differences.

An additional limitation of the preembedding immunogold-silver method of antigen
detection is the relative inefficiency of labeling membrane proteins in the synapse (Baude et
al., 1995; Bernard et al., 1997). While this method localizes extrasynaptic membrane
proteins well, the density of the synaptic space and associated structures reduces the ability
of antibodies to gain full access to all available epitopes, hence increasing the likelihood of
false negative staining specifically at this site. To determine with certainty the presence of
transporters within synaptic membranes, post-embedding methods must be employed.
However, we found that the antigenicity of CHT was not preserved following plastic
embedding, thus preventing application of this more sensitive method. Therefore, our results
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concerning differences in the membrane density of CHT are applicable only to the
extrasynaptic portions of the axonal membrane.

Finally, we must acknowledge that the low level of immunogold-reactivity associated with
the plasma membrane may reflect a preferential association of the primary antibody with
cytoplasmic transporters and reduced epitope recognition of membrane-bound transporters.
This could occur if association with the phospholipid membrane induced allostearic changes
in the structure of the intracellular tail of CHT, or if the tail structure is otherwise different
between the two states (e.g. through phosphorylation or interaction with scaffolding
proteins). It should be noted that our sample included axonal profiles from each region that
showed greater numbers of membrane transporters than cytoplasmic transporters,
demonstrating that the heavily cytoplasmic staining is not artifactual. Nonetheless, we
cannot exclude the possibility of a physical bias in immunoreactivity.

Population characteristics of AVN and VTA CHT-positive varicosities

Our sample of CHT-positive boutons most likely represents cholinergic axons arising from
the ascending projections of the tegmental cholinergic cell groups. To date, CHT expression
in the brain has only been reported in cholinergic neurons (Okuda and Haga, 2003), and the
pattern of immunoreactivity closely matches that of vVAChT and ChAT (Kus et al., 2003;
Misawa et al., 2001). Hence, immunoreactivity for CHT serves as an exclusive marker of
cholinergic axons. Furthermore, the AVN and VTA appear to receive cholinergic
innervation predominantly from neurons in the brainstem mesopontine tegmentum
(Gonzalo-Ruiz et al., 1995; Jones and Beaudet, 1987; Sofroniew et al., 1985; Yeomans,
1995). Although a minor projection from basal forebrain cholinergic cells to the AVN has
been proposed (Hallanger et al., 1987; Parent et al., 1988), the majority of the cholinergic
innervation to this region is believed to arise from the brainstem (Heckers et al., 1992).
Furthermore, the AVN is not immunoreactive for the nerve growth factor (NGF) receptor
(Yan and Johnson, 1989), a selective marker of basal forebrain cholinergic axons (Woolf et
al., 1989). The VTA is innervated by some neurons in the basal forebrain (Geisler and
Zahm, 2005; Grove, 1988; Tomimoto et al., 1987), but these have never been demonstrated
to be cholinergic. Moreover, the VTA regions that receive these projections are also devoid
of NGF immunoreactivity (Yan and Johnson, 1989), and other authors have asserted that the
PPT and LDT represent the sole source of cholinergic afferents to the VTA (Yeomans et al.,
1993).

The morphology and synaptology of CHT-labeled axons in the thalamus and midbrain
closely match previous descriptions of cholinergic boutons within these regions, including
the relatively small size, content of small clear vesicles, and predominant formation of
axodendritic synapses (Garzon et al., 1999; Hallanger et al., 1990; Oda et al., 2003;
Omelchenko and Sesack, 2006). The presence of numerous dense-cored vesicles in these
varicosities appears not to have been reported previously, most likely due to the masking
effect of heavy immunoperoxidase product in prior studies.

Our sample of CHT-labeled varicosities did display some distinct differences in synaptology
as compared to cholinergic populations described in the published literature. For example,
Oda et al. reported a higher incidence of vVAChT-labeled axons forming synapses in the
AVN (~60% versus 35-36% in the present study). Moreover, both VAChT and ChAT-
labeled axons have been reported to synapse onto cell bodies in this region (Hallanger et al.,
1990; Oda et al., 2003), which we did not observe. In the VTA, the frequency of synapses
reported here is better matched to previous estimates (~ 50% versus the present 47%)
(Garzon et al., 1999; Omelchenko and Sesack, 2006). Nevertheless, we again did not
observe any CHT-containing axosomatic synapses in the VTA, despite prior reports of these
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synapses using other markers of cholinergic axons (Garzdn et al., 1999; Omelchenko and
Sesack, 2006).

The reasons for these discrepancies are not immediately clear, although differences in the
sampling strategies used across studies are likely to contribute. For example, studies focused
on identifying the post-synaptic targets of cholinergic axons may have been biased towards
varicosities that were in direct apposition to other neuronal elements and therefore more
likely to be observed making synapses (Oda et al., 2003). Our sample included all axonal
profiles that contained synaptic vesicles and CHT immunoreactivity in excess of our
inclusion threshold, leading us to examine both synapsing and non-synapsing varicosities.
Alternatively, both the lower synaptic frequency of CHT-positive profiles in the AVN
observed in our study and our failure to detect axosomatic synapses in both regions could
indicate that CHT-labeled boutons constitute a subset of all cholinergic varicosities in the
AVN and VTA. Additional studies using dual immunolabeling methods for CHT and
VACHhT are required to address this possibility.

Interestingly, the extrapolated synaptic incidence of cholinergic boutons in the AVN in this
study (35%) is similar to that that observed in other thalamic nuclei receiving PPT/LDT
cholinergic projections, including the reticular nucleus of the thalamus (33%) and the
dorsolateral geniculate nucleus (39%), but stands in contrast to the cholinergic innervation
of the parafascicular nucleus of the thalamus, where the incidence is reportedly 100%
(Parent and Descarries, 2008). As noted by those authors, this contrast suggests that the
formation of synapses may be determined by the functional role(s) played by acetylcholine
in each distinct region.

Differences between AVN and VTA CHT-labeled profiles

Variable rates of ACh turnover have been reported between the striatum and cerebral cortex
(Wecker and Dettbarn, 1979), indicating a lack of uniformity in functional measures across
different cholinergic cell groups in the CNS. Whether this functional variability in ACh
transmission reflects structural differences in these axons or their content of CHT remains to
be addressed. Still, it is tempting to speculate that the differences we observed in
morphology, synaptology, and CHT distribution between cholinergic axons in the AVN and
VTA have functional correlates. According to a general scaling principle (Pierce and Lewin,
1994), axon terminal size is positively correlated with activity. It is important to note that
this principle has been demonstrated only for amino acid transmitter-containing axons
(Lisman and Harris, 1993; Pierce and Lewin, 1994) and has not yet been investigated for
cholinergic systems. Still, CHT-positive varicosities in the VTA might be more active and
release greater amounts of ACh based on their larger size and higher apparent rate of
synapse formation. Alternatively, the higher total content and greater membrane distribution
of CHT in AVN profiles suggests an overall higher demand for ACh synthesis that
necessitates steady replenishment of choline. It is difficult to reconcile these seemingly
paradoxical observations, and neurochemical studies are needed to specifically test for
differences in ACh transmission between the thalamus and midbrain.

In addition to possible differences in overall activity level, it could be that the pattern of
ACh release also differs between these areas and that this results in distinct demands for
choline uptake. Different activity patterns have been recorded for presumed cholinergic
neurons in the mesopontine tegmentum, including cells whose firing varies across sleep-
wake states, as well as neurons with state-independent activity (Datta and Siwek, 2002;
Koyama et al., 1994). If cells with phasic patterns of ACh release innervate the VTA, then
their axonal stores of transmitter could be replenished during quiescent periods using a
relatively small number of membrane-associated transporters. Conversely, AVN cholinergic
axons might be subjected to tonic activity patterns that require greater continuous reuptake
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of choline and therefore a higher level of membrane CHT. In this regard, it is interesting to
note that increased membrane CHT has been reported in the cerebral cortex during sustained
attention tasks that require tonically accelerated ACh transmission (Apparsundaram et al.,
2005).

The fact that many CHT-labeled boutons in both the thalamus and midbrain failed to display
evident synaptic specializations suggests that ACh released from brainstem cholinergic cells
may be acting on extrasynaptic targets through volume transmission, as already suggested
for forebrain cholinergic systems (Descarries et al., 1997). The lower apparent rate of
synapse formation in the AVN as compared to the VTA further suggests that volume
transmission may play a more important role in the former structure. Nevertheless, there is
evidence consistent with extrasynaptic ACh transmission in both regions. For example, the
AVN is likely to be the source of ACh for the adjacent anterodorsal thalamic nucleus that
expresses cholinergic receptors (Sikes and Vogt, 1987; Vogt et al., 1992) but lacks direct
cholinergic input (Levey et al., 1987; Oda et al., 2003). For the VTA, diffuse ACh
transmission has been suggested based on the localization of o7 nicotinic receptors on
glutamate axon terminals (Jones and Wonnacott, 2004) and the absence of axo-axonic
synapses in this region.

Finally, the higher dense-cored vesicle content observed for VTA versus AVN cholinergic
boutons suggests that peptide co-transmission may play a larger role in the modulation of
VTA neurons. Cholinergic cells in the mesopontine tegmentum have been demonstrated to
synthesize and release substance P (Sutin and Jacobowitz, 1990; Vincent et al., 1983) and
these neurons may utilize other peptide co-transmitters as well (Crawley et al., 1985;
Standaert et al., 1986).

Functional significance

It is interesting to note that, while the AVN and VTA have no direct connections between
them (Beckstead et al., 1979; Simon et al., 1979), and even project to distinctly separate
cortical and subcortical regions (Bentivoglio et al., 1993), both nuclei have been implicated
in cue-driven behavior (Gabriel et al., 1980; Pan and Hyland, 2005). The AVN is best
recognized for its contribution to spatial memory (Warburton and Aggleton, 1999) but also
partially mediates conditioned avoidance responses (Gabriel et al., 1980; Sparenborg and
Gabriel, 1992). In contrast, the VTA plays a crucial role in conveying reward prediction to
forebrain circuits that determine behavioral output (Redgrave et al., 2008; Schultz, 2007).
The cholinergic input to the VTA is especially necessary for both novel and conditioned
cue-driven responses of VTA dopamine neurons (Ikemoto and Panksepp, 1996; Pan and
Hyland, 2005). Hence, it seems likely that both the AVN and VTA must receive information
about external cues that can guide behavior. This information might be transmitted by
cholinergic neurons in the PPT and LDT, as these neurons are responsive to sensory input
(Grant and Highfield, 1991; Pan and Hyland, 2005). It is therefore tempting to speculate that
environmental stimuli could influence divergent parts of the limbic system through collateral
projections from the cholinergic brainstem. Collateralized projections of cholinergic neurons
to thalamic nuclei and other regions have been documented (Bolton et al., 1993; Jourdain et
al., 1989; Oakman et al., 1999; Semba et al., 1990), although to date the possible existence
of such projections to the VTA and AVN has not been explored. Alternatively, such
information may be relayed by the non-cholinergic neurons in these regions, or through
separate populations of cells.

If the projections to the AVN and VTA are ultimately shown to arise from a common
brainstem cell population, then the regional differences observed here in CHT-labeled axons
would argue for local factors being the main determinants of bouton morphology and CHT
distribution. This supposition is supported by recent evidence that the cholinergic
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innervation of several thalamic nuclei displays striking differences in synaptic incidence,
even when this innervation arises from similar sources (Parent and Descarries, 2008). In
regard to differences in CHT distribution, CHT localization and function can be influenced
by intracellular signaling events triggered by the activity of neurotransmitter receptors on
the surface of cholinergic axons (Breer and Knipper, 1990). Increases in high-affinity
choline transport can be achieved through activation of protein kinase A or C, and
corresponding decreases can be effected by phosphatase 1/2A (Breer and Knipper, 1990;
Gates et al., 2004). It is therefore plausible that the heterogeneity of CHT labeling observed
in this study reflects differences in the extracellular milieu in the AVN versus the VTA. Our
finding of a significant interaction effect of region and total gold density on the membrane
gold density of CHT-labeled axonal profiles is consistent with some as yet unidentified
factor that is differentially active in these regions. One possibility is that the presence of
extracellular dopamine released from somatodendritic compartments in the VTA might
decrease the membrane density of CHT in this region. This possibility is supported by in
vivo data showing that elevated extracellular dopamine levels in the striatum are associated
with reductions in high-affinity choline transport, consistent with decreased membrane
levels of CHT (Parikh et al., 2006).

Alternatively, the differential expression of the choline-sensitive a7 nicotinic acetylcholine
receptor (NnAChR) may contribute to the differences in membrane CHT content reported
here. In the VTA, activation of presynaptic a7 nAChRs results in the potentiation of
glutamate release from excitatory afferents (Jones and Wonnacott, 2004; Schilstrém et al.,
2000), but all forms of cholinergic transmission in the AVN are mediated through non-a7
nAChRs (Guseva et al., 2006; Rasmussen and Perry, 2006). The a7 nAChR is desensitized
by extracellular choline (Alkondon and Albuquerque, 2006; Alkondon et al., 1997; Mike et
al., 2000; Uteshev et al., 2003). Hence, the membrane content of CHT might be inversely
correlated with the availability of a7-mediated modes of cholinergic transmission. In this
case, the lower membrane content of CHT in the VTA might be driven by a need to keep
extracellular choline levels high, thereby restricting the activation of a7 nAChRs and
preventing excessive glutamate excitation.

Although differential regulation of choline transport could be accomplished at a local level,
the collective morphological differences observed between the CHT-immunolabeled axons
in the AVN and VTA are most easily explained by cholinergic innervations arising from
separate populations of neurons in the mesopontine tegmentum. Alternatively, the parent
populations of AVN and VTA cholinergic inputs could be partially overlapping subsets of
PPT/LDT cholinergic cells. This mixed afferent population could produce a range of axon
characteristics that favor smaller varicosities with more dense CHT content in the AVN and
the converse characteristics in the VTA. This idea is supported by tract-tracing studies
showing input from both PPT and LDT populations to the VTA (Oakman et al., 1995;
Omelchenko and Sesack, 2005; Satoh and Fibiger, 1986), but a heavier input from the LDT
to the AVN (Shibata, 1992). Tract-tracing studies will be essential for clarifying the nature
of these circuits and facilitating a systems-level interpretation of the present findings.
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Figure 1.

Light micrographic images of coronal sections through the rat AVN (A) and VTA (B)
illustrating immunoperoxidase labeling for CHT. In A, immunoreactivity for CHT appears
to be denser in the AVN than in the anterodorsal thalamic nucleus (ADN). The boxed region
shown at higher magnification in the insert straddles the two divisions and illustrates
immunolabeled puncta (arrows) representing probable axon varicosities. Note the absence of
these puncta in the adjacent ADN. B shows relatively uniform CHT staining in the VTA.
The boxed region shown at higher magnification in the insert illustrates immunoreactive
puncta (arrow) that appear at lower density than in the AVN. Abbreviations: fr, fasciculus
retroflexus; ml, medial lemniscus; mp, mammillary peduncle; sm, stria medularis. Scale bar
represents 500 um in A and B, 100 pm in inserts.
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Figure 2.

Electron micrographs showing representative immunoperoxidase labeling for CHT in axonal
profiles (large white arrows) in the AVN (A) and VTA (B). The reaction product typically
appears to be denser in labeled AVN profiles than those observed in the VTA, although a
range of immunoreactive densities is evident. CHT positive profiles also appear to be more
numerous in the AVN than in the VTA, consistent with the observations made at the light
microscopic level. The lightly labeled CHT varicosities in the VTA form symmetric (small
white arrow) or asymmetric (black arrow) synapses onto unlabeled dendrites (ud). One of
these also contains a dense-cored vesicle (arrowhead). The heavy peroxidase reaction
product in AVN profiles makes it difficult to identify dense-core vesicles in this region.
Scale bar represents 0.5 pm.
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Figure 3.
Electron micrographs showing the morphological features of CHT-positive profiles in the

AVN (A-C) and VTA (D-F). CHT labeled profiles form both asymmetric (black arrows, A
& D) and symmetric (white arrows; B & E) types of synaptic contacts with unlabeled
dendrites in the regions examined. Occasionally, dense-cored vesicles are observed in
labeled profiles (arrowheads in C & F). Scale bar represents 0.5 pm.
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Figure 4.

Frequency distribution (A) and quartile plots (B) of CHT-labeled axon profile areas
observed in the AVN and VTA. A: Histogram illustrating the frequency of areas measured
for profiles immunoreactive for CHT in the rat AVN (black bars) or VTA (white bars). Each
bar represents the percentage of the total sample of immunoreactive profiles having a
particular area. B: Box plots illustrating the range of mean profile areas (between whiskers)
as well as the median values (central line) and the middle 50% of values observed in each
region (shaded boxes). Mean profile areas were computed by averaging profile areas within
each region for each rat.
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Figure 5.
Electron micrographs illustrating CHT positive-profiles labeled by immunogold-silver in the

AVN (A-C) and VTA (D-F) and displaying a range of sizes and also total gold and
membrane gold densities. Arrowheads indicate gold-silver particles counted as being in
association with the plasma membrane. Occasional symmetric (white arrow in D) or
asymmetric (black arrow in E) synapses onto dendrites are exhibited by CHT-
immunoreactive axons. Scale bars represent 0.5 pm. Scale bar in A represents 0.5 um in A
and B; scale bar in C represents 0.5 um in C-F.
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Frequency distributions (A&C) and quartile plots (B&D) of values observed for the total
gold density (# gold particles/profile area; A&B) and membrane gold density (# membrane

associate gold particles/profile perimeter; C&D) in the sample of CHT-labeled axonal

profiles in the AVN and VTA. A&C: Histograms illustrating the frequency of total gold
density (A) or membrane gold density (C) measured for profiles immunoreactive for CHT in
the rat AVN (black bars) or VTA (white bars). Each bar represents the percentage of the

total sample of immunoreactive profiles having a particular density. B&D: Box plots

illustrating the range of mean total gold density and mean membrane gold density (between

whiskers in B and D, respectively) as well as the median values (central lines) and the

middle 50% of values observed in each region (shaded boxes). Mean total gold density and
mean membrane gold density were computed by averaging total gold density and membrane

gold density, respectively, within each region for each rat.
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Table 1
Sampling Scheme for Ultrastructural Analysis
Number of profiles analyzed
Data set 1 Data set 2 Data set 3
Animal Region serial sections single sections all profiles
1 AVN 30 68 98
VTA 26 65 91
2 AVN 7 93 100
VTA 0 93 93
3 AVN 89 0 89
VTA 107 0 107
4 AVN 48 44 92
VTA 39 47 86
5 AVN 80 0 80
VTA 56 0 56
6 AVN 79 0 79
VTA 76 0 76
Total 637 410 1047

J Comp Neurol. Author manuscript; available in PMC 2011 June 1.

Page 26



