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Abstract

Carboxypeptidase E (CPE) is involved in maturation of neuropeptides and sorting of brain-derived
neurotrophic factor (BDNF) to the regulated pathway for activity-dependent secretion from CNS
neurons. CPE knock-out (CPE-KO) mice have many neurological deficits including learning and
memory. Here, we analyzed the dendritic arborization and spine morphology of CPE-KO mice to
determine a possible correlation of defects in such structures with the neurological deficits
observed in these animals. Analysis of pyramidal neurons in layer V of cerebral cortex and in
hippocampal CA1 region in 14 week old CPE-KO mice showed more dendritic complexity
compared to wild type (WT) mice. There were more dendritic intersections and more branch
points in CPE-KO versus WT neurons. Comparison of pyramidal cortical neurons in 6 week
versus 14 week old WT mice showed a decrease in dendritic arborization, reflecting the
occurrence of normal dendritic pruning. However, this did not occur in CPE-KO neurons.
Furthermore, analysis of spine morphology demonstrated a significant increase in the number of
D-type spines regarded as non-functional in the cortical neurons of CPE-KO animals. Our findings
suggest that CPE is an important novel player in mediating appropriate dendritic patterning and
spine formation in CNS neurons.

Keywords
Carboxypeptidase E; dendritic pruning; hippocampus; BDNF

Introduction

Formation of an appropriately connected neural network is fundamental to proper
functioning of the central nervous system (CNS). Establishment of such a network requires
precisely regulated growth and branching of dendritic arbors, formation of dendritic spines,
activity-dependent synaptogenesis, and simultaneous pruning of overgrowth of dendritic
material. The dendritic architecture and formation of specific types of spines are also crucial
for neurotransmission and accurate functioning of the CNS as an integral unit (Schaefer et
al. 2003). Synaptic connections and spine morphology are plastic, and changes with learning
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and memory. Thus far, the molecular mechanisms governing these phenomena remain
poorly understood.

The development of dendritic arbors is controlled at different levels which encompass
various types of extracellular signals and transcription factors. Extracellular signals include
diffusible molecules [eg. Slit, reelin and Semaphorin3A (Tolwani et al. 2002), (Morita et al.
2006), (Jossin and Goffinet 2007)]; cell contacts mediated by Notch, cadherins, and Dscam
(Hughes et al. 2007; Redmond et al. 2000); and neuronal activity, which cause calcium
influx and neurotransmitter release (Haas et al. 2006; Sin et al. 2002) (Wayman et al. 2006;
Wu et al. 2007). These extracellular signals have different signal transduction pathways that
involves members of small G-proteins, protein kinases and protein phosphatases (Chen et al.
2005; Fink et al. 2003; Fu et al. 2007; Kumar et al. 2005; Rosso et al. 2005; Tolias et al.
2005). Transcriptional factors such as Hamlet, Cut, Abrupt, and Spineless in Drosophila
(Parrish et al. 2007), and Neurogenin 2 and DIx homeobox in mammals (Cobos et al. 2007;
Cobos et al. 2005; Hand et al. 2005) also play a role in controlling dendritic arborization.
Additionally, neurotrophins and their receptors have been implicated in mediating the fine-
tuning and plasticity of the mature neuronal network (Johnson et al. 2007; Lou et al. 2005;
Prithviraj et al. 2008; Singh et al. 2008; Wirth et al. 2003).

Advances in imaging techniques have permitted detail studies of dendritic spines, the small
protrusions on the surface of dendrites, which are necessary for synapse formation and
function. It has been shown that dendritic spine numbers and structure change with synaptic
activity and developmental stage (Bourne and Harris 2008; De Roo et al. 2008; Matsuzaki
2007). For example, the size of the head and length of neck of the spine reflect its function.
Spines with a bigger head and a longer neck will generally reflect more activity and show
greater plasticity, as opposed to those which are small and stubby. Spines are crucial in
activation of neurotransmitter receptors, the generation of long-term potentiation (LTP) and
long-term depression (LTD), and many other biological functions necessary for trans-
synaptic signaling.

Here, we discover a new player, carboxypeptidase E (CPE) that appears to be important for
maintaining proper dendritic arborization and spine morphology in CNS neurons. CPE is a
multifunctional glycoprotein expressed in endocrine cells and neurons. Soluble CPE is a
proneuropeptide processing enzyme (Fricker et al. 1986) that cleaves C-terminal basic
amino acid residue extensions from neuropeptide intermediates to produce active peptides.
The membrane form of CPE functions acts as a sorting receptor at the trans-Golgi network,
directing proneuropeptides and proform brain-derived neurotrophic factor (proBDNF) to the
regulated secretory pathway vesicles for activity-dependent secretion (Cool et al. 1997; Lou
et al. 2005). The cytoplasmic tail of a transmembrane form of CPE has been shown to
anchor BDNF-containing vesicles to the microtubules for transport in neurites for secretion
(Park et al. 2008). The importance of CPE in the nervous system was further demonstrated
in CPE-KO mice, which exhibited diminished reactivity to stimuli and toe-pinch reflexes,
poor muscle strength, as well as loss of neurotransmission in the retina (Cawley NX et al.
2004; Zhu X 2005). There are morphological and physiological abnormalities in the CNS of
CPE-KO mice including a degenerated CA3 region in the adult hippocampus, LTP
impairment in CA1 neurons and deficits in memory and learning (Woronowicz et al. 2008).

In this study we examined the dendritic arborization and spine morphology of CNS neurons
in the CPE-KO mouse. Sholl analysis of pyramidal neurons in cerebral cortex layer V and
hippocampal CAL region revealed that the dendritic arborizations in the CPE-KO mice were
more complex than their WT littermates. Also more immature dendritic spines were found
in CPE-KO versus WT mice. Thus CPE plays a role in regulating and maintaining these
neuronal structures which are essential for brain function.
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Materials and Methods

Animals and Golgi staining of brains

Two 6 and 14 week old CPE-KO mice and 2 WT littermates were anesthetized and then
perfused with fix solution (containing: 4% paraformaldehyde, 4% sucrose and 1.4% sodium
cacodylate). Animals were then euthanized by cervical dislocation, followed by decapitation
and the brains were dissected. All experimental procedures for this study were approved by
the National Institute of Child Health and Human Development Animal Care and Use
Committee and followed the NIH Guide for the Care and Use of Laboratory Animals.

From each brain, a coronal block of tissue approximately 2.5 mm thick encompassing the
parietal cortex and the underlying hippocampus was dissected from each hemisphere and
stained using a variant of the Rapid Golgi impregnation method (Valverde 2002). Briefly,
the blocks were initially immersed in a solution of osmium tetroxide and potassium
dichromate for 5-6 days, rinsed and blotted and then placed in a 0.75% solution of freshly
prepared silver nitrate for 39—-42 hours. The blocks were then dehydrated through ascending
solutions of alcohols, placed in ether-alcohol, and then infiltrated with solutions of
nitrocellulose of increasing viscosity. The tissue blocks were then placed in a 30% solution
of nitrocellulose, which was hardened by exposure to chloroform vapors. The hardened
blocks of nitrocellulose (containing the mouse brains) were affixed to fiber blocks for
sectioning on an AO sliding microtome (American Optical, Buffalo, NY). Tissue sections
were cut in the coronal plane at 120 pm thickness. Sections were cleared in alpha-terpineol
thoroughly rinsed in xylene, placed on coded slides, cover-slipped under Permount (Fisher
Scientific, Pittsburgh, PA) and permitted to thoroughly dry.

Quantification of dendritic branching, spine density and spine type

From the coded slides, cerebral cortex layer V pyramidal and CA1 hippocampal neurons
were randomly selected for analysis of dendritic branching and spines. Dendritic branching
and spine analysis was carried out on the basilar tree of the layer V cerebral cortex and CAl
hippocampal neurons.

Dendritic Branching—~For the dendritic branching analysis, cerebral cortex layer V
pyramidal and CA1 hippocampal pyramidal neurons were selected which met the following
criteria: (1) neurons had to be fully impregnated, (2) somas had to be located in the middle
third of the thickness of the tissue section, (3) the basilar trees could not be obscured by
capillaries, other dendritic or neuritic processes, or non-descript precipitate. Using a Zeiss
brightfield research microscope with a drawing tube (Carl Zeiss, Oberkochen, Germany),
camera lucida drawings were made of the basilar tree of the selected neurons. To quantify
the amount of dendritic material of the basilar tree and its distribution, a Sholl analysis was
carried out. The Sholl analysis quantifies the number of intersections (or “hits”) of the
dendrites with each of the circles (or “shells™). This generates a profile of the amount of
dendritic intersections at increasing distances from the soma. The distance between each
shell was equivalent to 10 um. The branching data in each profile was statistically compared
between the wild type controls and the knock outs and evaluated using the Wilcoxon rank
sign test. An adjusted (conservative) alpha level is assigned to denote statistical significance
between groups. Branching data from the Sholl analysis can also be expressed as a
cumulative value (e.g., “total hits”) which can be used to assess the estimated total dendritic
length.

Dendritic Spine Analysis—Dendritic spines are small excrescences which represent the

loci for the majority of synapses in the brain. In general, each spine can be thought of as
being equivalent to a single excitatory synapse. Two regions of the basilar tree were selected
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since they would provide a broader picture of the overall spine changes occurring on this
part of the tree. On the basilar tree of pyramidal neurons in cerebral cortex and hippocampal
CAL regions, spines were counted along two regions: on terminal tip segments and on
internal branch segments. The basilar tree of cerebral cortical pyramids receives the majority
of synaptic input to the neuron. Spines were counted directly on the Zeiss microscope using
a long-working distance oil immersion objective lens at a 63x magnification and a 2.0
Optivar (intermediate) magnification. Only flanking spines were counted, e.g., those
extending laterally from the dendritic segments. This is because spines that are directed
essentially up toward - or away from - the observer are likely to be partially or wholly
obscured by the shadow of the impregnated dendritic branch. Thus, the data do not reflect
the actual total number of spines and would be an underestimate of the true number.
However, for the purposes of the study, both spines from WT controls and from CPE-KO
mice would be equally underreported and so can still be statistically compared. We used
three categories of spines: 'M-type' (mushroom), characterized by a large, well-defined spine
head and a thick spine neck; 'N-type' (nubby), characterized by a poorly defined spine head
and a thickened spine neck; and 'D-type' (dimple), characterized by a poorly defined spine
head and the absence of a definitive spine neck. Similar spine configuration categories have
been used previously (Neigh et al. 2004). Spines per neuron (n = 18 neurons per group) were
counted in WT and CPE-KO mice and the value for CPE KO mice were expressed as a %
wild-type (made equal to 100%). For means of comparison, statistics on the graphs are
calculated using the unpaired student’s t test.

Dendritic branching of cortical pyramidal neurons in wild-type and CPE-KO mice

The dendritic complexity of the pyramidal layer V cortical neurons from 14 week old CPE-
KO and WT mice were analyzed (Fig.1). Fig 1A shows representative photomicrographs of
neurons from WT and CPE-KO mice. Sholl analysis showed a significant difference in the
number of intersections at various distances from the cell soma (Fig1B). The dendritic
branching of neurons from CPE-KO mice displayed a more complex dendritic pattern than
that observed in WT animals. Quantitative analysis of WT and CPE-KO neurons showed
that there was significantly more (53%) dendritic intersections in Sholl analysis in CPE-KO
mice compared to the WT control (Fig.1B, bar graph). Moreover, there were more dendritic
intersections proximal to the soma, at a distance of ~20-60 um in CPE-KO mice compared
to WT mice (Fig.1B, line graph). The complexity of the dendritic arbor was assessed using
the branch point analysis (Fig1C). The branch point is the place where a dendritic segment
bifurcates into two higher order branches. Therefore, the more branch points there are the
more complex the dendritic tree is. As shown in Fig.1C there were more 3'd, 41 and 5t
order branch points in CPE-KO neurons compared to WT neurons, indicating that the
dendritic tree of CPE-KO neurons is more complex than WT neurons. The statistical
analysis showed that there was a 59% increase in total dendritic branch points in the basilar
tree of the CPE-KO versus WT mice.

Dendritic branching of cortex layer V pyramidal neurons differ in 6 versus 14 week old
CPE-KO and WT mice

We further broadened our studies by comparing animals of different ages. Sholl analysis
was carried out on the basilar tree of 6 week old CPE-KO and age-matched WT mice (Fig.
2). Fig 2A shows representative photomicrographs of neurons from WT and CPE-KO mice.
The Sholl analysis (Fig 2B) showed a significant difference in the dendritic basilar tree
between the two groups (Wilcoxon signed rank test p < 0.0001). While the dendritic arbor of
the CPE-KO mice was significantly larger than the WT controls, the difference was smaller
than in the 14 week mice. The CPE-KO mice showed 14% more dendritic intersections per
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shell in the Sholl analysis of the basilar tree compared to WT animals. This finding is in
agreement with the results for the same analysis of the 14 week old mice. The branch point
analysis illustrated that, even at 6 weeks of age, the CPE-KO mice tended to have more
complex arbors throughout the extent of the tree, but the significant difference was only for
the 4™ order branch points (p = 0.0389) (Fig. 2C).

Comparison of results from 6 and 14 week old animals (Fig. 3) showed that there is an age
difference in the pattern of dendritic arborization in the WT and CPE-KO mice. In the WT
controls, there was a decrease of dendritic intersections per shell in the basilar tree of the
neurons between 6 and 14 weeks (Fig. 3A,C). It is apparent that during this period, a major
loss of dendritic intersections per shell in the inner two-thirds of the basilar tree occurred in
WT but not in CPE-KO mice. This observation suggests that the physiological pruning
process was halted by lack of CPE during that period. Conversely, there was an increase in
the amount of the dendritic intersections per shell in CPE-KO mice between 6 to 14 weeks
of age (Fig. 3B). However, Wilcoxon analysis of the entire tree was not significant (p =
0.4138), although there appears to be more dendritic intersections per shell in the middle
third of the arbor at 14 weeks versus 6 weeks, a pattern different from that seen in the WT
mice at the same age.

Dendritic branching of hippocampal neurons is more complex in CPE-KO mice

We also examined the dendritic branching in CA1 neurons in the hippocampus of 14 week
old WT and CPE-KO mice that were stained with Golgi impregnation (Fig. 4A). The Sholl
analysis of the basilar tree of the CA1 pyramidal neurons (Fig. 4B) showed that there was a
trend towards increased dendritic intersections per shell proximal to the soma, at a distance
of 30-50 um, in CPE-KO mice compared to WT mice, although it did not reach statistical
significance. However, in the more distal part of the arbor (further than 60 um from the
soma), the amount of dendritic intersections per shell in the WT mice was greater than in the
KO mice. There was no difference in total hits, which suggests that the estimated total
dendritic length is the same in the both groups. This is due to the differences between
proximal and distal dendritic regions. Thus, the data show that there was remodeling of the
CA1 basilar dendritic arbor in the CPE-KO mice such that there were less dendritic
intersections per shell in the distal portion of the dendritic tree compared to the WT controls.
The branch point analysis, which reflects dendritic branching complexity, showed that there
was a trend for more dendritic complexity in the CPE-KO mice (Fig. 4C).

Differences in the spine morphology of CPE-KO and WT mice

Dendritic spines were analyzed on the basilar tree of cortical layer V neurons of 14 week old
WT and CPE-KO mice. Fig. 5A shows examples of M, N and D spines that were analyzed.
The total number of dendritic spines on the basilar tree of cortical layer V pyramidal neurons
showed no significant difference in CPE-KO versus WT neurons (Fig. 5B). Analysis of
spine morphology revealed that within the internal segments and the terminal tips, there was
no difference in the % of M and N spines in the CPE-KO versus the WT animals. Only the
number of D-type spines, (also referred to as stubby spines by others, (Bourne and Harris
2008), which are characterized as not fully functional were significantly higher at the
terminal tips in CPE-KO versus WT mice. Analysis of the total number of dendritic spines
on the basilar tree of CA1 hippocampal neurons showed no significant difference in CPE-
KO versus WT neurons. Additionally, analysis of spine morphology revealed that the
number of D-type of spines tended to be higher in CPE-KO mice compared to WT animals
(data not shown).
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Discussion

Dendrite development is required for establishment of appropriate neuronal connectivity.
The pattern of dendritic growth and branching critically determines neuronal functions (Jan
and Jan 2003). Many environmental and molecular cues, such as neuronal activity and
neurotrophins, regulate dendritic morphogenesis (Scott and Luo 2001; Wong and Ghosh
2002). Moreover, molecules such as Rho family small GTPases and their activators which
are key regulators of actin cytoskeleton are also important in dendritic growth and
morphology (Negishi and Katoh 2002; Ueda et al. 2008). In this study, we show that CPE
plays a role in modeling the pattern of dendritic branching. Our analysis showed that in 14
week old CPE-KO mice which lack CPE, the arborization in pyramidal layer V cerebral
cortex and hippocampal CA1 neurons were more complex than in WT animals (Fig 1, Fig
4). There were more dendrites just proximal to the soma and more branch points.
Additionally, there were age-dependent changes in arborization in cerebral cortical neurons
that differed between WT and CPE-KO animals. Between 6 and 14 weeks of age, WT mice
showed a significant decrease in dendritic intersections per shell. This decrease between 6
weeks and 14 weeks in the WT mice is generally interpreted as being due to dendritic
pruning, resulting in fewer dendritic arbors. (Groc et al. 2002; Pokorny and Trojan 1983;
Pokorny and Trojan 1986; Silva-Gomez et al. 2003). In contrast, there were similar amounts
of dendritic intersections per shell in the cortical neurons of CPE-KO mice at age 14 weeks
and at 6 weeks. Thus our findings suggest that the lack of CPE results in an aberrant pattern
of dendritic growth, as well as inhibition of dendritic pruning in cerebral cortical and
hippocampal neurons. Besides differences in dendritic arborization, CPE-KO mice also
showed an increase in D-type dendritic spines in cortical layer V neurons, although the total
spine density was not significantly different than in WT mice. D-type spines are
characterized by a lack of a distinctive spine head or neck and regarded as not fully
competent (Diamond et al. 2006; Liu et al. 2008; Malone et al. 2008). In general, presence
of D-type spines is an indication of spine degeneration; however, they could also represent
early spine formation. Given the greater dendritic growth and branching in the CPE-KO
mice, the early spine formation hypothesis is certainly a possibility. Nevertheless, since the
D-type spines are not fully functional, synaptogenesis and consequently neuronal
connectivity would be affected in the CPE-KO mice. Thus CPE is involved not only in
efficient dendritic pruning, but also in appropriate spine formation and synaptogenesis.
These dendritic architectural defects in cortical and CA1 neurons might contribute to the
neurological deficits observed in the CPE-KO mouse, such as poor memory consolidation
and learning (Cawley NX et al. 2004; Woronowicz et al. 2008).

It is well established that pruning which occurs in the distal part of the axon and in dendritic
branches by means of retraction, degeneration and dendritic shedding is an essential part of
the maintenance of the neuronal network (Singh et al. 2008). Although some studies on the
molecular basis of axonal pruning have been reported, the molecular mechanisms
underlying the regulation of dendritic pruning is less understood. Studies on Drosophila
have shown a complex process of growing, pruning back and regrowth of an axonal network
of a special group of peripheral sensory neurons during metamorphosis that is mediated by
the ubiquitin-proteasome pathway. In mammals, axonal pruning has been described at the
neuromuscular junction, climbing fibers in cerebellum, sympathetic eye-projecting neurons,
and the hippocampal mossy fiber system (Johnson et al. 2007; Liu et al. 2005; Singh et al.
2008). The involvement of a number of molecules, such as AMPA glutamate receptors
(Prithviraj et al. 2008), semaphorin and plexin ligand-receptor pairs (Waimey and Cheng
2006), as well as neurotrophins, particularly BDNF and proBDNF (Hu et al. 2005; Jansen et
al. 2007; Lush et al. 2005) have been implicated in axonal pruning. The BDNF/proBDNF
receptors: TrkB and p75NTR, have also been shown to be involved in axonal pruning of CNS
neurons including climbing-fibers in cerebellum (Jaworski and Sheng 2006; Johnson et al.
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2007; Kohn et al. 1999; Lee et al. 1994; Singh and Miller 2005; Singh et al. 2008). We have
previously shown that the membrane-bound form of CPE is required as a sorting receptor to
target proBDNF into the regulated secretory pathway vesicles for processing and activity—
dependent secretion in cerebral cortical neurons (Cool et al. 1997; Lou et al. 2005). As a
result, cerebral cortical neurons from CPE-KO mice showed poor processing of proBDNF to
mature BDNF (Lou et al., 2005).0ne possibility is the decreased dendritic pruning in CPE-
KO mice could be due to insufficient mature BDNF in these animals.

In conclusion, this study provides evidence that CPE plays a novel role in regulating proper
dendritic patterning, especially dendritic pruning and spine formation which are necessary
for appropriate synaptogenesis and the establishment of neuronal network. Further study
would be required to identify the molecular mechanisms underlying CPE’s action in
regulating dendritic pruning and spine morphogenesis in CNS neurons.
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Fig. 1.

Dendritic branching of cortex layer V pyramidal neurons of WT and CPE-KO mice at 14
weeks of age. (A) Representative Golgi-impregnated WT and (KO) neurons at age 14
weeks. (B) (Left panel) The number of dendritic intersections at different distances from the
soma of neurons from CPE-KO and WT littermates as analyzed by Sholl analysis. There
were a significantly greater number of dendritic intersections at 20-60 pum from the soma in
CPE-KO versus WT animals. (Right panel) Bar graphs showing the percentage of the
number of branch intersections. There was 53% more dendritic branching in the KO versus
WT neurons. (C) Left panel: Graph showing branch point analysis assessing the complexity
of the dendritic arbor of neurons from CPE-KO mice and WT mice. There was more
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complexity in CPE-KO neurons versus WT neurons as evidenced by the significant
difference in the 3", 41 and 5™ branch order segments (unpaired T-test, p < 0.05). Right
panel: Bar graphs showing the total number of branch points (regardless of branch order).
There was a 59% higher number of branch points in KO versus WT animals.
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Fig. 2.

Dendritic branching of cortex layer V pyramidal neurons of WT and CPE-KO mice at 6
weeks of age. (A) Representative Golgi-impregnated WT and (KO) neurons at age 6weeks.
(B) The number of dendritic intersections at different distances from the soma of neurons
from CPE-KO and WT littermates as analyzed by Sholl analysis. There was a small but
significant difference in the number of dendritic intersections at 20-60 pm from the soma
between the 2 groups (Wilcoxon signed rank test, p < 0.0001; Adjusted o = 0.0033). (C)
Graph showing branch point analysis of dendritic arbors from WT and CPE-KO mice. There
were more complex arbors at 3—6 branch point orders in CPE-KO mice compared to WT
mice, but only the 4™ order showed statistical significance (p = 0.0389).
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Fig. 3.

Comparison of dendritic arborization using Sholl analysis in 6 and 14 week old cortical
neurons. The amount of dendritic branching on neurons at age 6 and 14 weeks was
compared for WT (panel A) and CPE-KO mice (panel B). Note the significantly lesser
amount of dendritic intersections per shell (Wilcoxon signed rank test p value = 0.009) in 14
week old compared to 6 week old WT mice, (panel A), whereas, the number of dendritic
intersections per shell was the same at both ages in CPE-KO mice (panel B) (Wilcoxon
signed rank test, p = 0.4138). (C) Graph showing a summary of dendritic arborization from
both ages and genotypes. Note that WT animals at 14 weeks of age showed a significant
reduction of the dendritic arborizations compared to 6 week WT, 6 week CPE-KO and 14
week CPE-KO mice.
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Fig. 4.

Dendritic branching of hippocampal CA1 neurons of WT and CPE-KO mice at 14 weeks of
age. (A) Representative Golgi-impregnated WT and CPE-KO (KO) neurons at age 14
weeks. (B) The number of dendritic intersections at different distances from the soma of
neurons from CPE-KO and WT littermates was analyzed by Sholl analysis. There was a
tendency for a greater number of dendritic intersections at the proximal 1/3 part of the
dendritic tree (20-60 um from soma) in CPE-KO versus WT animals, although not
statistically significant, However, there were statistically fewer numbers of dendritic
intersections per shell in the outer 2/3 part of the dendritic tree in CPE-KO mice compared
to WT mice (p = 0.001). (C) Graph showing branch point analysis of the neurons from the
CAL region of the hippocampus assessing the complexity of the dendritic arbor of neurons
from CPE-KO mice and WT mice. There was no statistical difference although there was a
tendency towards more complexity in the dendritic arbor of CPE-KO versus WT
hippocampal CA1 neurons.
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Fig. 5.

Analysis of dendritic spines on the basilar tree of cerebral cortical neurons of 14week old
WT and CPE-KO mice. (A) Left: Photomicrograph showing representative examples of the
three types of dendritic spines on pyramidal cerebral cortex neurons. ‘M-type' (mushroom),
characterized by a large, well-defined spine head and a thick spine neck; 'N-type' (nubby),
characterized by a poorly defined spine head and a thickened spine neck; and 'D-type’
(dimple), characterized by a poorly defined spine head and the absence of a definitive spine
neck. Right: A diagrammatic representation of the different types of spines. (B) Analysis of
the total number of dendritic spines on the basilar tree of cortical neurons showed no
significant difference in CPE-KO versus WT neurons (n = 18 per group), the data is

J Neurosci Res. Author manuscript; available in PMC 2011 January 1.



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

1duasnuey Joyiny vd-HIN

Woronowicz et al.

Page 17

expressed as a percent change in relation to the wild type control value (which is assigned
100%). Analysis of spine morphology revealed that only the number of D-type spines,
which are regarded as not fully functional were significantly higher in CPE-KO versus WT
mice (for terminal tips, p = 0.018).
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