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Abstract

In Alzheimer's disease brains morphological changes in the dendrites of pyramidal neurons of the
prefrontal cortex (PFC) and hippocampus have been observed. These changes are particularly
reflected in the decrement of both the dendritic tree and spine number. Donepezil is a potent and
selective acetylcholinesterase inhibitor used in the treatment of Alzheimer's disease. We have
studied the effect of oral administration of this drug on the morphology of neuronal cells from the
brain of aged rats. We examined dendrites of pyramidal neurons of the PFC, dorsal or ventral
hippocampus and medium spiny neurons of the nucleus accumbens (NAcc). Donepezil (1 mg/Kg,
vo) was administrated every day for 60 days to rats aged 10 and 18 months. Dendritic morphology
was studied by the Golgi-Cox stain procedure followed by Sholl analysis at 12 and 20 months
ages, respectively. In all Donepezil treated-rats a significant increment of the dendritic spines
number in pyramidal neurons of the PFC, dorsal hippocampus was observed. However, pyramidal
neurons of the ventral hippocampus and medium spiny cells of the NAcc only showed an increase
in the number of their spines in 12 months old-rats. Our results suggest that Donepezil prevents
the alterations of the neuronal dendrite morphology caused by aging.
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Introduction

Alzheimer's disease (AD) is a neurodegenerative process characterized by memory loss and
dementia. At the neural level, the cholinergic system is one of the most affected. The
pyramidal neuronal cells in cortical and hippocampal areas are severely degenerated as well
as those of the nucleus basalis of Maynert (Samuel et al., 1994). This structure provides
approximately 80% of the cholinergic neurons in the CNS (Samuel et al., 1994). In AD, it is
also observed a reduction in levels of choline acetyltransferase accompanied by a decrease
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in the number of the neuronal nicotinic acetylcholine receptors (AChRSs) (Shimohana et al.,
1986; Whitehouse et al., 1986; Araujo et al., 1988).

Donepezil is a potent and selective acetylcholinesterase inhibitor extensively used for the
treatment of AD (Tsuno, 2009). Donepezil as well as other central-type acetylcholinesterase
(AChE) inhibitors, including galantamine, tacrine, and rivastigmine, have been used for the
treatment of AD because of their effects in the reactivation of the hypofunctional cholinergic
systems improve the memory and cognitive deficits of the patients (Seow and Gauthier,
2007). Recently, it has been suggested that the therapeutic effects of donepezil (Wynn and
Cummings, 2004) also appear to involve an increase in the communication between the
neurons via the increase of the synaptic connections (Ginestet et al., 2007; Kotani et al.,
2008).

In contrast with the large number of clinical trials using donepezil in AD patients (Knobloch
and Mansuy, 2008), to date, the information regarding the effects of this drug on the
neuronal morphology is limited (Ginestet et al., 2007; Oda et al., 2007). In AD, the
amyloid peptide is able to induce the loss or alteration of neuronal dendritic spines
(Knobloch and Mansuy, 2008). Another study demonstrated that in AD and other dementias,
there are morphological changes on dendritic spine density mainly observed in the prefrontal
cortex and the hippocampus (Knobloch and Mansuy, 2008; Uylings and de Brabander,
2002). It has been also found than AD brains are characterized by a reduced cell
proliferation in the CA1 area of the hippocampus (Ferrer and Gullotta, 1990; Einstein et al.,
1994; Scheff et al., 2007), and prefrontal cortex (PFC) (Shim and Lubec, 2002). Recently,
alterations have been reported in the neuronal morphology of an AD mouse model (Aoki et
al., 2007; Spires-Jones et al., 2007; Knafo et al., 2009).

In the present study, we assessed the effect of donepezil on the dendritic morphology of
neurons from different limbic regions associated with the process of the memory and
learning in aged rats (12 and 20 months old). Our results showed that the donepezil lead to
significant changes in the number of the dendritic spines in the PFC, hippocampus and
NAcc neurons. These observations may be relevant to the understanding of the effect of the
cholinergic transmission during the aging process.

Material and Methods

Animals and donepezil administration

Sprague-Dawley male rats of the 10 and 18 months age were obtained from our facilities
(University of Puebla). Animals were individually housed in a temperature and humidity
controlled environment on a 12-h light-dark cycle with free access to food and water.
Animals were grouped and each rat was assigned to either a vehicle (control) or donepezil
hydrochloride group. All procedures described in this study were approved by the BUAP
Animal Care Committee and the governmental guidelines (Mexican Council for Animal
Care, Norma Oficial Mexicana NOM-062-Z00-1999) and by the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All efforts were made to
minimize animal suffering and to reduce the number of animals used. Rats were then
administrated with donepezil (1 mg/Kg from WYETH, S.A. de C.V of Mexico) or an equal
volume of vehicle (0.5 % of gum tragacanth in 0.1 M phosphate-buffered saline, PBS, pH
7.4) was administrated by oral administration every day in the morning (10:00 to 12:00 am)
for a period of 10 weeks.

Golgi-Cox stain method

The animals (n = 7 per groups for 12 months and 4 per groups for 20 months) were deeply
anesthetized with sodium pentobarbital (75 mg/kg body weight, ip) and perfused
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intracardially with 0.9% saline solution. The brains were removed and stained by modified
Golgi-Cox method following a previously described protocol (Silva-Gomez et al., 2003;
Flores et al., 2005; Solis et al., 2007). Two hundred-um thick coronal sections from the PFC,
hippocampus and NAcc were obtained using a vibrotome (Campden Instrument, MA752,
Leicester, UK). Sections were collected on clean gelatin-coated microscope slides and
treated with ammonium hydroxide for 30 min, followed by 30 min in Kodak Film Fixer, and
finally rinsed with distilled water and mounted with resinous medium (Robinson and Kolb,
1997; Gibb and Kolb, 1998).

Microscopic observation and Sholl analysis

Pyramidal cells from layer 3 and 5 of the PFC (area Cgl and prelimbic cortex, plate 7- 9 of
Paxinos and Watson Atlas, 1986), CAL of the dorsal hippocampus (plate 27 — 32 of Paxinos
and Watson Atlas, 1986), CA1 of the ventral hippocampus (plate 37 — 42 of Paxinos and
Watson Atlas, 1986), and medium spiny neurons of the NAcc (plate 10 - 14 of Paxinos and
Watson Atlas, 1986) were selected for study. Five neurons from each region of each
hemisphere per animal were drawn using camera lucida at a magnification of 250x (DMLS,
Leica Microscope) by a trained observer who was blind to the experimental conditions
(Kolb et al., 1998). Pyramidal neurons were readily identified by their characteristic
triangular soma-shape, apical dendrites extending toward the pial surface, and numerous
dendritic spines. Medium spiny neurons of the NAcc core and shell were recognized by their
soma size and dendritic extensions. In the case of CA1 and PFC pyramidal neurons, the
present analyses were performed on the basal dendrites since these run parallel to the
coronal plane. Sequential 2-dimensional reconstructions of the entire dendritic tree were
generated for each neuron and the dendritic tracings were quantified by Sholl analysis
(Sholl, 1953), as follows. A transparent grid with equi-distant (10 um) concentric rings was
centered over the dendritic tree tracings. The number of ring intersections was used to
estimate the total dendritic length and dendritic arborization (Kolb et al., 1998; Silva-Gomez
etal., 2003; Vega et al., 2004; Flores et al., 2005; Martinez-Tellez et al., 2005; Solis et al.,
2007). Dendritic arborization was also measured by counting the total number of dendritic
branches (branching, indicated, Y bifurcated) at each order away from the cell body or
dendritic shaft. To calculate the spine number, a length of dendrite (at least > 10-um long)
was traced (at 1000 x). The exact length of each dendritic branch was calculated, and the
number of spines along the length counted (to yield spines/10 pm).

Statistical Analysis

Results

The mean values from each brain region of each animal were treated as a single
measurement for the data analysis. Data on dendritic length and the spine number were
analyzed by two-way ANOVA, followed by the Newman-Keuls test for post-hoc
comparisons, with donepezil and age as independent factors (P < 0.05 was considered
significant). Data of the length per branch order also was analyzed by two-way ANOVA,
followed by the Newman-Keuls test for post-hoc comparisons, with donepezil and branch
order as independent factors (P < 0.05 being significant).

Dendritic spine density

The morphological analysis presented here is based on a total of 1100 neurons from 22
animals. Estimates of dendritic length and spine number were obtained from 440 PFC and
440 hipocampal CA1 pyramidal neurons and from 220 NAcc medium spiny neurons. The
effects of the donepezil on dendritic morphology in the prefrontal cortex, hippocampus and
NAcc of the rats with 12 and 20 months of age are illustrated in Figs. 1 - 4. Dendritic
branching and number of dendritic spines on neurons of layers 3 and 5 of the PFC, and CAl
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of the dorsal and ventral hippocampus and the medium spiny neurons of the NAcc, were
measured by Golgi-Cox stain. The dendritic length for each branching order, spine number,
and total dendritic length was obtained as reported previously (Silva-Gomez et al.,
2003;Flores et al., 2005;Alquicer et al., 2008;Juarez et al., 2008;Martinez-Tellez et al.,
2009;Solis et al., 2009). Golgi-Cox staining clearly filled the dendritic shafts and the spines
of neurons from layers 3 and 5 of the PFC (Fig. 1C, 1D, 1H and 1I) and CAL1 of the dorsal
and ventral hippocampus (Fig. 1A, 1B, 1F and 1G) and the medium spiny neurons (Fig. 1E
and 1J) of the NAcc. The pyramidal neurons of the CA1 of the dorsal (2-way ANOVA
analysis, donepezil; F1 1g = 9.4, P < 0.01) and ventral hippocampus (2-way ANOVA
analysis, donepezil; F1 18 = 5.2, P < 0.05) response to the donepezil with an increase in the
dendritic spine number in 12 months ages group compared with its corresponding control
group (P < 0.05) (Fig. 2, up panel). While, spines of the pyramidal neurons of the CA1
dorsal hippocampus from animals of the 20 months age show a trend to increase in the
number by donepezil compared to their corresponding control group (P = 0.07). Similarly, A
two-way ANOVA analysis of the dendritic spine number of the pyramidal PFC neurons at
the level of layer 3 (donepezil; F; 15 = 11.86, P < 0.01, age; F1 18 = 25.3, P < 0.01) and at
the level of the layer 5 (donepezil; F; 1g = 15.4, P < 0.01) revealed that the number of the
dendritic spines was significantly increase in the pyramidal neurons of the PFC in rats with
donepezil compared to their corresponding control group (P < 0.01) (Fig. 2, middle panel) at
12 months age. While, animal with donepezil at 20 months only present a trend to increase
the number of spine (P = 0.07) compared to their corresponding age control group (Fig. 2,
middle panel). Finally, dendritic spine number of the medium spiny neurons of the NAcc (2-
way ANOVA analysis, donepezil; F; 15 =10.1, P <0.01, age; F; 18 = 6.6, P = 0.01;
donepezil x age; F1 15 = 5.3, P < 0.03) revealed that donepezil caused an increase in the
dendritic spine number in 12 months aged group but not so in 18 month-old rats when
compared with their corresponding control group (P < 0.01) (Fig. 2, low panel).

Dendritic length

The total dendritic length of the pyramidal CA1 dorsal hippocampus neurons (two-way
ANOVA, donepezil; F1 15 =4.7, P <0.05, age; F1 15 = 12, P < 0.01; donepezil x age;

F1 18 =5.2, P <0.05) (Fig. 3, up panel) revealed that donepezil caused an increase in the
dendritic length only in the group of animal at 20 months age compared to its corresponding
control group (P < 0.05).There are not difference between groups at any other region.

Branch order

Another measure obtained from the Sholl analysis was the length per branch order. The
branch-order analysis of the layer 111 of the pyramidal cells from the 12 months rats (two-
way ANOVA, branch order; Fg g = 48 P < 0.001) revealed that donepezil produced an
increase in the dendritic length only at the level of the fourth order (P < 0.05) (Fig. 4). In
addition, the two-way ANOVA analysis of the branch-order of the medium spiny neurons of
the NAcc from the 20 months rats revealed that there was a significant effect of age (Fs 30 =
46, P < 0.01) and donepezil x age interaction (Fs 30 = 2.8, P < 0.05) (Fig. 4). A post-hoc
test revealed that the longitude of the third branch was significantly decrease in the medium
spine neurons in 20 months rats with donepezil compared to their corresponding control
group (P < 0.01) (Fig. 4). Finally there are no differences between groups at any point
studied (Fig. 4).

Discussion

The major aim of the present study was to investigate the effects of 10 weeks of donepezil
administration on the dendritic morphology of PFC, CA1 dorsal and ventral hippocampus,
and NAcc neurons in aged rats. Interestingly, donepezil caused morphological changes in all
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the analyzed regions in the form of enhancement in the dendritic spine number at 12 months
old with an increase in the dendritic length at 20 months old rats but restricted to the dorsal
hippocampus neurons. In agreement with the present results, the assessment of the cortical
neurons during aging in nonhuman primates showed loss of dendritic spines without
differences in the total dendritic length when compared to old to adult animals (Dickstein et
al., 2007). In addition, the spine loss on basal dendrites of the pyramidal neurons occurred
mainly on distal branches in old animals (Page et al., 2002).

Dendritic morphology of individual neurons, including dendritic length, arborization and
spine number can be assessed by using the Golgi-Cox-impregnation method (Gibb and
Kolb, 1998). This technique is commonly used to determine the dendritic surface which
receives more than 95% of the excitatory synapses of a given neuron (Kolb et al., 1998).
Interestingly, adult cortical neurons receive approximately 15 000 synaptic inputs
(Huttenlocher, 1984). In addition, dendritic length and spines number are related to the
degree of connectivity and afferent activity (McAllister, 2000). Therefore, it is possible to
make inferences about connectivity from dendritic structure by measuring dendritic length,
dendritic length per branch order, arborization, and spine number. The bulk of our results
suggest that donepezil may cause dendritic changes in old rats, especially in the pyramidal
neurons of the PFC and the dorsal hippocampus with an increase in the connection
concerning dendritic spine number at both ages. In contrast to this, in aged rats, donepezil
does not appear to affect neurons from the ventral hippocampus and NAcc. This effect could
be related with the level of the cholinergic transmission, which decreased with the age
(Rylett and Williams, 1994; Billard, 2006). However, the enhancement in the
communication between PFC and dorsal Hippocampus neurons, may be playing a role in the
cognition, as previously suggested in donepezil—treated rats (Lee et al., 2007;Wise et al.,
2007; Cutuli et al., 2008).

Donepezil hydrochloride is the most widely prescribed drug for AD. The main mechanism
of action through which it influences cognition and function is presumed to be the inhibition
of acetylcholinesterase enzyme in the brain. However, donepezil may also impact the
pathophysiology of AD at several other levels. As this study suggests, donepezil may also
have an effect on the dendritic spine number in old rats. At the present, this effect cannot be
associated to an increase in the cholinergic transmission, however, some recent reports
suggest that donepezil may be related with an increase in the neurotrophins such as nerve
growth factor (NGF) (Oda et al., 2007) and brain derived neurotrophic factor (BDNF)
(Leyhe et al., 2008). This drug also appears to be related with hipocampal neurogenesis
(Kotani et al., 2008). Neurotrophins are expressed in almost all neuronal populations in the
central and peripheral nervous system, and their effect can be neuron-specific, because
neurons from each cortical layer respond in a distinct fashion on apical and basal dendrites
to subsets of neurotrophins (McAllister et al., 1995). It is intriguing that donepezil treatment
appears to induce the increase in the spine number in all the analyzed regions at 12 months
old-rats but restricted to PFC and dorsal hippocampal neurons in 20 months old-rats. The
latter areas are critical for the memory and learning (Mimura, 2008). In addition, donepezil
has also been shown to be effective in vascular dementia, Parkinson's disease dementia/
Lewy body disease and cognitive symptoms associated with multiple sclerosis. Contrasting
with AD, in this group of neuropathologies the cholinergic transmission is not critical.
However, the increase in the communication among neurons may be, at least in part,
beneficial for the brain function in all these degenerative process.

Recent in vitro studies in rat primary cultured neurons, have demonstrated that donepezil has
protective effects against ischemic damage, glutamate excitotoxicity and Ap-induced
toxicity (Akasofu et al., 2008a). Interestingly, none of the acetylcholinesterase inhibitiors
such as galatamine, tacrine or rivastigmine, or NMDA receptor antagonists such as MK-801
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or memantine, had neuroprotective effects (Akasofu et al., 2008b) as donepezil did. This last
result indicates that donepezil has a specific effect on neuronal morphology in aged rat
brains. Therefore, the synaptic spine number observed in the rats with donepezil may in part
be caused by these neuroprotective effects. The mechanism(s) by which donepezil inhibits
the alterations of the neuronal dendrite morphology caused by the age, has not been
determined up to now. However, it is know that cerebral ischemia causes neurotoxicity via
increases of intracellular sodium concentration ([Na+]i) and calcium concentration ([Ca2+]i)
with a consequent increase of glutamate release (Choi, 1988; Lynch et al., 1995) and a
recent report has been demonstrated that donepezil may exert its neuroprotective effect by
blockade the rise of [Na+]i induced by veratridine (Akasofu et al., 2008a), suggesting that
donepezil may imply a direct effect on Na* channels.

Contrary to our results, a recent report (Garret et al., 2006) suggests that disruption of the
cholinergic corticopetal nucleus basalis causes an increase in spine density in pyramidal
neurons of the prefrontal cortex. It also suggests that this effect was prevented by treatment
with the N-methyl-d-aspartate (NMDA) antagonist, MK-801. In addition several reports
have demonstrated the critical role of the cholinergic-glutamatergic interactions in synaptic
plasticity (Fernandez de Sevilla et al., 2008). Therefore, inhibition of cholinesterase with
donepezil, and disruption of the cholinergic corticopetal system, may affect differently tonic
and phasic acetyl-choline release, apparently affecting the system in the same direction in
spite of the former being cholinomimetic and the latter anticholinergic.

Finally, recent data in molluscan neurons (Solntseva et al., 2006, 2007 and 2009) and rat
hipocampal neurons (Yu and Hu, 2005) have shown that donepezil has an inhibitory effect
on K+-current. In addition, several reports suggest that small-conductance Ca2+-activated K
+ channels (SK channels) are also important in regulating dendritic excitability (Cai et al.,
2004), synaptic transmission and plasticity (Ngo-Ahn et al., 2005; Faber et al., 2005;
Hammond et al., 2006). SK2 channels are activated solely by intracellular Ca2+ ions, with
submicromolar Ca2+ affinity (Kohler, et al., 1996) and are selectively blocked by the
peptide toxin apamin. SK2 channels are expressed throughout the dendritic arbor of CAl
neurons and in dendritic spines (Ngo-Anh, et al., 2005; Sailer et al., 2004). Interestingly, the
administration of apamin to rodents facilitates the induction of synaptic plasticity and
hippocampal-dependent memory encoding (Stackman et al., 2008). In contrast, over-
expression of SK2 channels in transgenic mice reduced long-term potentiation after high-
frequency stimulation and severely impaired learning in hippocampus-dependent tasks
(Hammond et al., 2006; Stackman et al., 2008). Furthermore, our preliminary results
indicate that apamin may also produce alterations in the dendritic morphology of pyramidal
neurons of dentate gyrus, CA1 ventral and dorsal hippocampus of old rats (A Curiel-Romero
and G. Flores, unpublished data).

In summary, donepezil may decrease the alterations of the neuronal dendrite morphology
caused by the age, suggesting that improvement of the cholinergic transmission may help to
maintain the functional synaptic morphology in hippocampus and prefrontal cortex, limbic
structures related with the cognition. In conclusion, donepezil has a potent and specific
effect on the neuronal cell plasticity in the brain of aged rats. Therefore, donepezil has a
potential use not only in treatment of AD symptoms but in the aging process as well.
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BDNF
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NGF
PFC
DH
VH

acetylcholinesterase
acetylcholine receptors
Alzheimer's disease

brain derived neurotrophic factor
central nervous system

nucleus accumbens

nerve growth factor

prefrontal cortex

dorsal hippocampus

ventral hippocampus
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Fig 1.

Representative Golgi-Cox-impregnated pyramidal neurons in control rats. CAL of the
ventral and dorsal hippocampus (A, B, F and G); layer 3 and 5 of the prefrontal cortex (C,
D, H and I); and medium spiny neurons of the NAcc (E and J).
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Fig 2.

Analysis of the donepezil effect on the dendritic spine density. The density of the dendritic
spines increased in the 12 months old rats with donepezil compared to their corresponding
age group (** = P < 0.05, CA1 dorsal hippocampus; * = P < 0.01, rest of the regions) in all
the regions studied. At 20 months old, the number of dendritic spine from neurons of the
dorsal hippocampus and prefrontal cortex showed a trend to increase after donepezil
treatment. (% = P = 0.07).
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Fig 3.

Analysis of the donepezil effect on the total dendritic length. The total dendritic length of
the dorsal hippocampus was increased in the 20 months old donepezil treated-rats compared
to their corresponding age group (** = P < 0.05).
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Fig 4.

Length of branch order analysis. The pyramidal cells of the layer 111 from the prefrontal
cortex showed an increase in the dendritic length only at the level of the fourth order (** = P
< 0.05) at 12 months old. The medium spiny neurons of the NAcc from 20 months old rats
with donepezil showed a decreased in the dendritic length at third branch their
corresponding control group (* = P < 0.01).
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