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Dendritic and Synaptic Degeneration in Pyramidal Neurons of the Sensorimotor Cortex in Neonatal Mice With Kaolin-Induced Hydrocephalus
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Obstructive hydrocephalus is a brain disorder in which the circulation of cerebrospinal fluid (CSF) is altered in a manner that causes expansion of fluid-filled intracranial compartments particularly the ventricles. The pyramidal neurons of the sensorimotor cortex are excitatory in nature and their dendritic spines are targets of excitatory synapses. This study evaluated the effect of hydrocephalus on dendritic arborization and synaptic structure of the pyramidal neurons of the sensorimotor cortex of neonatal hydrocephalic mice. Sterile kaolin suspension (0.01 ml of 250 mg/mL) was injected intracisternally into day old mice. Control animals mice received sham injections. Pups were weighed and sacrificed on postnatal days (PND) 7, 14 and 21. Fixed brain tissue blocks were silver impregnated using a modified Golgi staining technique and immunolabeled with synaptophysin to determine dendritic morphology and synaptic integrity respectively. Data were analyzed using ANOVA at α0.05. Golgi staining revealed diminished arborization of the basal dendrites and loss of dendritic spines in the pyramidal neurons of hydrocephalic mice. Compared to age-matched controls, there was a significant reduction in the percentage immunoreactivity of anti-synaptophysin in hydrocephalic mice on PND 7 (14.26 ± 1.91% vs. 62.57 ± 9.40%), PND 14 (4.19 ± 1.57% vs. 93.01 ± 1.66%) and PND 21 (17.55 ± 2.76% vs. 99.11 ± 0.63%) respectively. These alterations suggest impaired neuronal connections that are essential for the development of cortical circuits and may be the structural basis of the neurobehavioral deficits observed in neonatal hydrocephalus.
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INTRODUCTION

Hydrocephalus is a serious problem in sub-Saharan Africa (Salvador et al., 2014). It is an incapacitating disorder (Turgut et al., 2018) affecting 0.2–3.5/1,000 healthy births (Krause et al., 2018) and is the most common neurologic disorder requiring surgery in children (Vogel et al., 2012). The structural changes in the brain that accompany this disorder have been well described. Stretching of the ependymal layer, thinning of the corpus callosum, extracellular oedema and reduced cortical thickness have been observed to correlate with the degree of hydrocephalus (Olopade et al., 2012). Myelin sheath injury consists of attenuation, lamella separation and accumulation of myelin debris and focal degeneration as well as delayed myelination (Del Bigio et al., 1997; Castejón and de Castejón, 2004; Ayannuga et al., 2016). The changes in the sensorimotor cortex at the cellular and ultrastructural level have not been fully described.

A major element of the arrangement of the sensorimotor cortex is the morphology and deployment of pyramidal neurons which are the major source of intrinsic excitatory cortical synapses. The dendritic spines of these neurons are the main postsynaptic target of excitatory synapses (DeFelipe, 2015). Specializations in their structure are likely to influence cortical function at the subcellular, cellular and systems levels (Jacobs and Scheibel, 2002; Elston, 2003; Spruston, 2008; Luebke, 2017). More specifically, complexity in dendritic structure determines their biophysical properties thus influencing their functional capacity and potential for plastic changes (Elston, 2007; Spruston, 2008; Luebke, 2017). The functions of the sensorimotor cortex are therefore dependent on the connections and branching patterns of its pyramidal neurons.

Synapses develop concurrently and/or successively in different layers of the cerebral cortex. They establish the cell-to-cell communication which is paramount to the function of the cerebral cortex. Refinement of synaptic connections is a key step in the formation of neuronal circuits (Wang et al., 2011; Elston and Fujita, 2014). Cortical areas do not possess most of their defining characteristics until the post-natal period (Stocker and O’Leary, 2016). Synaptic vesicle membrane proteins participate in the storage of neurotransmitters, in the docking, fusion and recycling of synaptic vesicles (Grabs et al., 1994). Synaptic vesicles contain characteristic proteins, one of which is synaptophysin. It is located in the synaptic vesicles of membranes proteins and a constituent of the family of presumptive channel protein and the most abundant synaptic vesicle protein (Grabs et al., 1994). It is unclear how the hydrocephalic process influences the development of the synaptic landscape and the larger dendritic geometry in pyramidal neurons of the sensorimotor cortex. This study was designed to evaluate this relationship.

MATERIALS AND METHODS

The animals were handled with care in accordance with the protocol of Institutional Animal Care and Use Committee of the National Institute of Health, United States of America. Ethical approval for the study was obtained from the University of Ibadan Animal Care and Use Research Ethics Committee (UI-ACUREC/App/2014/008). Hydrocephalus was induced in day-old albino mice by intracisternal injection of 0.1 ml of 250 mg/ml sterile kaolin suspension. Control mice received a sham injection. The animals were weighed weekly and assessed for the development of hydrocephalus. These mice were sacrificed on postnatal days (PND) 7, 14 and 21 and were perfused transcardially first with normal saline for 3 min to wash out the blood cells and then for 15–20 min with 4% paraformaldehyde (PFA) until well fixed, using pallor of the liver and stiff muscles as an indication of good fixation. The brains were quickly dissected out and fixed for 4 h in the same solution. The brain samples were then rinsed, transferred into 0.1% sodium azide in 0.1 M phosphate buffered saline (PBS) and stored at 4°C until sectioning. The brain samples were bisected in coronal plane, at right angle to a horizontal tangent at the level of the optic chiasm and the proximal halves so obtained were examined grossly. For quantitative evaluation of synaptophysin positivity and estimates of dendritic lengths, we obtained samples from the dorsolateral area of the sensorimotor cortex as shown in Figure 1. This area contains the primary and secondary sensor cortices for the trunk and limbs.
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FIGURE 1. Line graph showing the mean weekly weight gain of the control and hydrocephalic mice. The hydrocephalic mice weigh significantly less than the control mice (*p < 0.05; ***p < 0.001).



Hematoxylin and Eosin Staining

Four micron coronal sections were mounted on Leica X-tra adhesive precleaned micro-slides and stained with hematoxylin and eosin.

Golgi Staining

Fresh brain tissues (sensorimotor cortex) were placed in 3% potassium bichromate for 5 days (avoiding the penetration of light by covering the specimen bottles with aluminum foil and placing in dark chamber). Tissues were placed in fresh solutions every day. The tissue blocks were transferred into 2% silver nitrate solution for 3 days at room temperature (avoiding light penetration and changing tissues into fresh solutions everyday). Before putting blocks into silver nitrate solution, a filter paper is used to absorb excess solution. Silver nitrate solution is changed several times until brown participates do not appear. Dehydrate tissues through 70%, 90%, 100% alcohol and xylene for 5 min each. Infiltrate the dehydrated tissues in molten wax at 56°C for 30 min. Tissues were then embedded in paraffin wax using molten wax dispenser Leica EG 1150H and then cooled over Leica EG 1150C. Microtome (Lieca RM 2135) cut sections (60 μm thick) were then mounted on Leica X-tra adhesive precleaned micro-slides (26 × 76 × 1.0 mm), air dried for 10 min and cover-slipped using DPX.

Immunohistochemical (IHC) Staining

Immunohistochemical (IHC) Staining for synaptophysin was performed using EnVision™ FLEX staining kits (K8023/K8000). Tissue sections were cut at 4 μ with Lieca RM 2135 microtome floated onto Leica H1 1210 water bath at 50°C, and mounted on positively charged Leica X-tra adhesive pre-cleaned slides. The sections were dried on a hot plate (Sakura 1452; 230 V/60 Hz/ 160 VA) for 1 h at 60°C. The dried sections were oven baked (Memmert 400) at 60°C for 24 h. They were then processed through EnVision™ FLEX Target Retrieval Solution, High pH (50×) or Low pH (×50) diluted 1:50 with dH2O, EnVision™ FLEX Wash Buffer (20×) diluted 1:20 with dH2O and EnVision™ FLEX DAB + Chromogen and Substrate Buffer diluted 1:20 with substrate buffer [1 drop (50 μl) of DAB + Chromogen per 1 ml of substrate buffer]. The Ready-To-Use antibody (synaptophysin) was mixed as equal part of primary antibody and HRP (incubated for 15 min) in an amount required for all slides. Mouse serum was added to the above mixture in a ratio of 1:50 (incubated for 5 min). The sections were rinsed in copious amount of tap water, counterstained with hematoxylin, dehydrated in ethanol (95% and 100%), cleared in xylene and cover-slip with DPX.

Data Acquisition

Image stacks of the golgi fixed brain sections were obtained using Leica application suite version 3.3.0 (Switzerland). Two-dimensional image stacks having 640 pixels × 480 pixels frame size at 40× magnification were used in recording the basal dendrites. To ensure a homogenous pyramidal neuronal population, the neurons selected for analysis fulfilled the following criteria: (a) the cell body and dendrites were completely impregnated; (b) the neurons were isolated from the surrounding neurons; and (c) all the dendrites were visible within the plane of focus (Xiong et al., 2013). We calculated the basal dendrite length as a mean of 10 basal dendrites per animal in the layer V of the sensorimotor cortex by using ImageJ analysis software version 1.49.

The brain sections processed for immunohistochemistry were viewed under Zeiss Axio Scope A1 microscope version 4.8.2.3 (Carl Zeiss Microscopy GmbH). Percentage immunoreactivity was determined using the ImageJ software at 40× magnification. The impact of hydrocephalic process was evaluated by comparing the percentage immunoreactivity of synaptophysin in hydrocephalic animals and controls.

Statistical Analysis

All data were presented as means ± standard error of mean (SEM) and compared across the groups using the GraphPad Prism version 7 for Windows Software (San Diego, CA, USA) with confidence interval calculated at 95%.

RESULTS

Body Weight

A comparison of the weekly weight gain of the control and the hydrocephalic groups revealed a statistically significant reduction in the hydrocephalic groups especially on PND 7 and 14 (Figure 2 and Table 1). In this study, both control and experimental animals gained weight with age. However, the hydrocephalic pups had significantly lower body weights compared to their age-matched controls. The hydrocephalic mice decreased in weight in the 1st week of hydrocephalus induction, increased in weight by the 2nd week (at par with the age-matched controls) but lost weight again in the 3rd week post induction of hydrocephalus.
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FIGURE 2. Photomicrograph of H&E stained sensorimotor cortex of control mice (C7, C14, C21) showing normal pyramidal neurons (red arrows) and hydrocephalic mice (E7, E14, E21) showing shrunken pyramidal neurons (black arrows). Scale bar: 10 μm.



TABLE 1. Body weights of mice following kaolin injection showing Mean ± SEM in grams (** p < 0.01, ***p < 0.001 in comparison to controls; n = 20).
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Hematoxylin and Eosin Staining

Abnormal neurons were observed in the sensorimotor cortex of all the hydrocephalic mice groups—7, 14 and 21 days post-induction when compared with the control cortex (Figure 3). The neuropil of the control mice showed distinct pyramidal neurons with scanty pyknosis while the hydrocephalic neuropil revealed numerous pyknotic neurons. These dying/dead neurons characteristically resemble “open-faced” nuclei (highly reactive cells that are responding to a pathological state).
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FIGURE 3. A mouse brain showing the different functional areas (yellow: motor; purple: sensorimotor; blue: visual; red: auditory; dashed line: level of sectioning).



Golgi Staining

The dendrites of cortical excitatory neurons are characterized by their spines. The Golgi impregnation technique allowed clear visualization of the arborization of the apical and basal dendrites as well as their spines. The dendrites of the pyramidal neurons in the control mice were long, arborized extensively and intertwined with those of neighboring neurons. In the hydrocephalic groups, the dendrites were very short, and arborization was scanty. There were little or no basal dendrites in the field of display of these experimental groups.

Qualitative assessment of the sensorimotor cortex of the control mice showed an abundance of both apical and basal dendrites accounting for their prominent arborization (Figure 4). Compared to their age-matched controls, the impregnation of the sensorimotor cortices in the hydrocephalic mice revealed three distinct features: (a) markedly smaller arborization of the dendrites (both apical and basal dendrites); (b) fewer basal dendrites; and (c) fewer dendritic spines (Figure 5).
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FIGURE 4. Photomicrograph of Golgi staining of the sensorimotor cortex of control mice on post-natal days 7, 14, 21 showing the dendritic arborization of the pyramidal neurons (C, Control mice). Scale bar: 20 μm.
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FIGURE 5. Photomicrograph of Golgi staining of the sensorimotor cortex of the hydrocephalic mice on post-natal days 7, 14, 21 showing loss of dendritic arborization and absence of basal dendrites (red arrows) of the pyramidal neurons (E, Experimental hydrocephalic mice). Scale bar: 20 μm.



The impression obtained in the qualitative evaluation described above is supported by measurements which revealed that the mean (±SEM) length of the basal dendrites was significantly reduced in the hydrocephalic groups on PND 7 (32.09 μm ± 4.17), PND 14 (33.00 μm ± 3.63) and PND 21 (32.38 μm ± 4.84) compared to length in their age matched controls (1889 μm ± 186.70, 2466 μm ± 202.80 and 3091 μm ± 343.60, respectively; Figure 6).
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FIGURE 6. Bars represent the mean ± SEM of basal dendrite length (C, Control; E, Experimental; ****p < 0.001; n = 20).



Synaptophysin Immunohistochemistry

Little information is available on the expression of the synaptic protein, synaptophysin in neonatal hydrocephalic sensorimotor cortex over time despite the fact it is thought to be present in virtually in every synapse of the brain. Therefore, synaptophysin immunoreactivity was performed to ascertain its presence in the neonatal hydrocephalic state. The immunoreactivity of synaptophysin in the control animals revealed a positive reaction with an increase in the intensity as the mice progress in age, however, the expression of synaptophysin immunoreactivity was reduced in the hydrocephalic groups (Figure 7). The laminar architecture of the hydrocephalic groups was distorted and the neuropil appears spongy with the presence of a lot of vacuoles (Figure 8).
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FIGURE 7. Immunoreactivity of synaptophysin in the sensorimotor cortex of neonatal control and hydrocephalic mice showing different levels of positivity (C7, Control postnatal day 7; C14, Control postnatal day 14; C21, Control postnatal day 21; E7, Experimental postnatal day 7; E14, Experimental postnatal day 14; E21, Experimental postnatal day 21). Scale bar: 100 μm.
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FIGURE 8. Immunoreactivity of synaptophysin of control and hydrocephalic mice showing a reduction in immunoreactivity in the hydrocephalic group. Note the vacuolation and the little number of the cells in E14 and E21compared to the compact arrangement of the cells in their age-matched control group (C21: Control postnatal day 21; E21: Experimental postnatal day 21). Scale bar: 20 μm.



The intensity of the synaptophysin immunoreactivity in the sensorimotor cortex of the control mice indicates that the cell bodies, axons and apical dendrites of the pyramidal neurons which were numerous as seen in the hematoxylin and eosin staining were all stained. Moreover, the immunoreactivity of the synaptophysin increases as the age of the mice increased (Figures 7, 8: C7, C14, C21). In the cortices of the hydrocephalic rats which had fewer pyramidal neurons and arborizations (golgi staining), the synaptophysin immunoreactivity was reduced. It was also observed that the intensity of the synaptic protein gradually increased over time in the hydrocephalic cortices, but the change was not as pronounced in the control mice (Figures 7, 8: E7, E14, E21). The neuropil of the control mice appeared compact and regular, whereas it was loose and spongiform in hydrocephalic mice, especially by E14 and E21 (Figure 8).

The percentage positivity of synaptophysin showed significant reduction in the percentage immunoreactivity in PND 7 (14.26% ± 1.91), PND 14 (4.19% ± 1.57) and PND 21 (17.55% ± 2.76) compared to controls 62.57% ± 9.40, 93.01% ± 1.66 and 99.11% ± 0.63, respectively (Table 2) which further accentuated the former observations. Altogether, synaptophysin immunoreactivity was greatly affected by the hydrocephalic insult.

TABLE 2. Percentage positivity of synaptophysin immunoreactivity between the control and experimental mice showing Mean ± SEM (***p < 0.001; n = 20; SEM, standard error of mean).
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DISCUSSION

In this study, we evaluated the impact of hydrocephalus on the microcircuitry of the sensorimotor cortex of the neonatal mouse by examining its laminar architecture, and the morphology, dendritic, and synaptic architecture of its principal neuron, the pyramidal neuron. We found that hydrocephalus adversely affected the neonatal body weight, the morphology of the pyramidal neurons and their dendritic arborization.

Both the control and hydrocephalic pups gained weight with age, but the hydrocephalic animals were lighter in weight at the three points of measurement after birth and showed a smaller gradient of weight gain. The possible cause of this difference may be due to the neglect of the hydrocephalic neonates by their mothers, neurogenic muscle atrophy, lethargy and general weakness of the hydrocephalic pups. Reduction in weight has been reported to be one of the first signs of development of hydrocephalus in experimental models (Del Bigio, 2001; López et al., 2003; McMullen et al., 2012; Johnston et al., 2013; Shaolin et al., 2015; Olopade et al., 2012). The body weight is an important index in developmental biology in neonatal pups and may be a pointer to an on-going pathologic condition.

Our study revealed a reduction of dendritic branching and arborization of the pyramidal neurons in hydrocephalic pups. The golgi stained sections of the hydrocephalic mice showed a reduction in the dendritic spines of both the apical and basal dendrites. Alterations in the morphology and arborization pattern of dendrites, the morphology and density of their spines have functional significance. Spines and spine densities are malleable structural configurations which reflect changes in development and in disease of the brain (Sakić et al., 1998). Several studies have reported dendritic alterations in hydrocephalus thus McAllister et al. (1985) observed varicosities and reduction in the spines of the basal dendrites of hydrocephalic newborn rats, Kriebel et al. (1993) found that dendritic appendage morphology was altered in hydrocephalic kittens while Harris et al. (1996) reported a reduction of both apical and basal dendritic length in hydrocephalic rats by 49%–57% compared to the controls. Behavior related dendritic changes have been observed in the sensorimotor parietal cortex (Lolova, 1989; Kolb and Gibb, 1991). The main receivers of excitatory inputs are the dendritic spines and they are essential in managing the signal input and output of the neurons. Evidence suggests that the apical and basal dendritic spines show unique and differential susceptibility (Xiong et al., 2013). Chakraborti et al. (2012) documented that the irradiation of the cranium of young adult mice led to a reduction in the density of the spines of basal dendrites but not those of the apical dendrites of the pyramidal neurons of Cornus Ammonis 1 of the hippocampus. A similar apico-basal differential was observed for dendritic spines of aging C57BL/6 mice (von Bohlen Und Halbach, 2006). The analyses of the somatic and the dendritic anatomy of Golgi stained pyramidal neurons of the sensorimotor cortex of these neonatal hydrocephalic mice revealed differences between the control and the experimental groups. Some of these differences are loss of basal dendrites and spines, reduced dendritic arborization, disintegration of apical dendrites, the reduction in the quality of dendrite processes, variations of dendritic spines and spine denudation of some dendritic segments. The differences observed could be as a result of increased pressure, alterations in the vessels, white matter injury and de-afferentation (McAllister et al., 1985). Most of the extrinsic and intrinsic afferents of the cortex end on the spines of the dendrites of pyramidal neurons (Peters and Kaiserman-Abramof, 1970), therefore any change in the quality of their branching pattern or morphology could have significant functional importance. Huttenlocher (1974) documented remarkably fewer arborization of the dendrites of pyramidal neuron in the neocortex of mentally impaired children. Stunted growth of the dendrites at both the apex and base and their damage were also described. In this study, the basal dendrites seem to be more severely affected than the apical dendrites while the dendritic branches were reduced. Studies in neonates with abiogenic neurobehavioral impairment have revealed dendritic alterations (Purpura, 1974, 1975; Purpura et al., 1982). Fetal alcohol syndrome in infants which is often associated with mental impairment is also associated with varying degrees of degenerations of dendritic branch patterns (Stoltenburg-Didinger and Spohr, 1983). The loss of basal dendrites in this study corroborates what was observed by McAllister et al. (1985).

McAllister et al. (1985) also revealed that the pyramidal neurons of the cerebral cortex have reduced number and dimensions of dendrites between the 10th and 12th post-natal days. Networks of synapses are essential for the learning and the memory in the brain and are characteristically being fabricated and removed during growth and in answer to impulses. Quantification of the alterations in the entire synaptic density is a crucial requirement for understanding the networking of these structures in diseased conditions (Navlakha et al., 2013). Harris et al. (1997) observed a decrease in the dimensions of the branching mosaic of dendrites in both the apex and the base of the dendrites; the distance measured from the body of the dendrite was diminished in the hydrocephalic rats by 50%–57%, while the total length of the dendritic arbors was reduced between 61% and 77%. In this study, the basal dendrites were greatly affected when compared to the apical dendrites; this is in agreement with what was observed by Harris et al. (1996). Changes in the morphologic pattern are noteworthy because researches have suggested that the apical and the basal dendritic pattern might be the domain of distinct classes of inputs and the spines of the dendrites might be exponentially stress-susceptible (Kang et al., 2015). The spines of dendrites are the principal domains of excitatory glutamatergic input to pyramidal neurons of the cerebral cortex. The spines play vital roles in the biochemical chambers (Yuste et al., 2000) and they add energy to the tree of the dendrite (Kang et al., 2015). These pathological changes in the cerebral cortex of human hydrocephalus patients are considered to result from an initial mechanical injury because of the high cerebrospinal fluid (CSF) pressure, followed by secondary changes associated with increased interstitial oedema, ischemia, and oxidative stress (Zhang et al., 2017).

Synaptophysin, a synaptic vesicle membrane protein ubiquitous in the central nervous system, is one of the commonest targets for immune histochemical detection of synapses. Although its precise function is unknown, it appears early and in abundance in growing synapses. Studies have shown that showed that this protein is not only present in the full-grown end points but also in out-growing axons (Scarfone et al., 1991; Bergmann et al., 1993; Ovtscharoff et al., 1993). In this study, neonatal hydrocephalus was associated with a significant reduction in the expression of the synaptophysin immunostaining. This is consistent with the reduction of the dendritic processes as shown by Golgi staining and supports the notion that impaired dendritic branching and spine formation can result from deficits in synaptogenesis in hydrocephalic brains (Del Bigio, 2010). Although immunoreactivity was delayed in appearance and also diminished in the hydrocephalic brains compared to control, staining increased with age and was more intense in the deeper layers of the cortex. The decreased synaptophysin reactivity in the experimental mice is also suggestive of synaptic pathology (Eastwood et al., 2000), which might take place as the process of deterioration of tissue continues (Tanaka et al., 2000), may mirror deformities of either post-transcription of synaptophysin and decrease in the number of axonal connections of cerebral cortical neurons (Rahmy and Hassona, 2004).

The releases of neurotransmitter at the synapses of neurons are mediated by the synaptic vesicle through fusion and exocytosis at proliferative zones (Xian et al., 2009). The mosaic of immunoreactivity revealed by synaptophysin marker in the sensorimotor cortex of the hydrocephalic pups concurs with earlier documentations of developmental alterations in the cortical synaptic density in the cortex of the cerebrum (Rakic et al., 1986; Bourgeois and Rakic, 1993; Glantz et al., 2007). Modified synaptic removal in the pathogenesis of hydrocephalus has since been predicated. The easiest deduction of these outcomes is that they show the design of synapses growth over the post-natal sensorimotor cerebral cortex growth, which is in agreement with the results obtained by Glantz et al. (2007). Furthermore, the magnitudes of proteins in the synapses might partly show the feature of the synapses (Eastwood and Harrison, 2001). Nakamura et al. (1999) observed that when synapses are pruned early in post-natal development, the decline in number of synapses is preceded by loss of vesicles within the synapses. All these normal developmental achievements could have been decreased by the process of hydrocephalus in the mice neonatal brain. The functional differences between cerebral cortical areas might be mirrored by both the density and number of synaptic morphologies (Elston et al., 2011).

It has been documented that reduced state of synaptophysin also lowers the function and transmission of pre-synaptic sites (Pinto et al., 2013). Two synaptic vesicle proteins i.e., synaptophysin and synaptobrevin mingle together to manage the renascence and endocytosis of the synaptic vesicle. The full growth and development of pre-synaptic communication is needed for the transfer from a quiescent to a clamorous synapse revealing that adequate degrees of synaptophysin is required to manage vesicle exocytosis and endocytosis to maintain the activities of the neural network (Pinto et al., 2013). Synaptophysin is therefore needed to maintain the location and effectiveness of pre-synaptic terminals. There is a likelihood that the fast growing equilibrium between these pre-synaptic proteins manages the initial stability of pre-synaptic activity and underpins diversities in the full growth of pre-synaptic activities in the sensorimotor regions. IHC studies have demonstrated altered synaptic vesicle proteins which may reflect in a loss of synaptic contact (Del Bigio and Zhang, 1998; Del Bigio, 2004). Histochemical and biochemical analyses also showed that the composition and by inference the function of neurons are altered in an hydrocephalic state (Del Bigio and Vriend, 1998; Kondziella et al., 2002; Del Bigio, 2004).

Discrepancies in the development and expression of the pre-synaptic protein and synaptophysin may establish an easy foundation to further appreciate the growth of cortical circuitry. Infants with hydrocephalus are challenged in both their motor and executive functions (Krause et al., 2018) therefore understanding the changes in the dendritic arborization of the pyramidal neurons of the sensorimotor cortex of infant hydrocephalic mice may lead to pharmacological management that could be fabricated to target unique and vital neural mechanisms to debilitate neuronal remodeling and consequential behavioral damages. Knowledge of the mosaic of the normal growth of the cerebral cortical synapses is therefore crucial to a better knowledge of the various ailments that are synaptic malformation related.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations and approval of Animal Care and Use Research Ethics Committee (UI-ACUREC) guidelines of the University of Ibadan with the reference approval number UI-ACUREC/App/2014/008.

AUTHOR CONTRIBUTIONS

MS conceptualized and designed the project, supervised its execution, read, revised and approved the manuscript for submission. TN supervised the immunohistochemistry. OF-A performed the experiments, collected the data, performed the statistical analysis and wrote the first draft of the manuscript.

FUNDING

This research was supported by funds from the Departmental Research Grant of the Department of Anatomy, University of Ibadan and Thomas Bassir Biomedical Foundation. OF-A was also supported by the University of Ibadan for her PhD.

ACKNOWLEDGMENTS

This work is part of a PhD thesis submitted to the Postgraduate School, University of Ibadan, Nigeria.

REFERENCES

Ayannuga, O. A., Shokunbi, M. T., and Naicker, T. A. (2016). Myelin sheath injury in kaolin-induced hydrocephalus: a light and electron microscopy study. Pediatr. Neurosurg. 51, 61–68. doi: 10.1159/000442212

Bergmann, M., Schuster, T., Grabs, D., Marquèze-Pouey, B., Betz, H., Traurig, H., et al. (1993). Synaptophysin and synaptoporin expression in the developing rat olfactory system. Dev. Brain Res. 74, 235–244. doi: 10.1016/0165-3806(93)90009-y

Bourgeois, J. P., and Rakic, P. (1993). Changes of synaptic density in the primary visual cortex of the macaque monkey from fetal to adult stage. J. Neurosci. 13, 2801–2820. doi: 10.1523/JNEUROSCI.13-07-02801.1993

Castejón, O. J., and de Castejón, H. V. (2004). Structural patterns of injured mitochondria in human oedematous cerebral cortex. Brain Inj. 18, 1107–1126. doi: 10.1080/02699050410001672332

Chakraborti, A., Allen, A., Allen, B., Rosi, S., and Fike, J. R. (2012). Cranial irradiation alters dendritic spine density and morphology in the hippocampus. PLoS One 7:e40844. doi: 10.1371/journal.pone.0040844

DeFelipe, J. (2015). The dendritic spine story: an intriguing process of discovery. Front. Neuroanat. 9:14. doi: 10.3389/fnana.2015.00014

Del Bigio, M. R. (2001). Future directions for therapy of childhood hydrocephalus: a view from the laboratory. Pediatr. Neurosurg. 34, 172–181. doi: 10.1159/000056016

Del Bigio, M. R. (2004). Cellular damage and prevention in childhood hydrocephalus. Brain Pathol. 14, 317–324. doi: 10.1111/j.1750-3639.2004.tb00071.x

Del Bigio, M. R. (2010). Neuropathology and structural changes in hydrocephalus. Dev. Disabil. Res. Rev. 16, 16–22. doi: 10.1002/ddrr.94

Del Bigio, M. R., Kanfer, J. N., and Zhang, Y. W. (1997). Myelination delay in the cerebral white matter of immature rats with kaolin-induced hydrocephalus is reversible. J. Neuropathol. Exp. Neurol. 56, 1053–1066. doi: 10.1097/00005072-199709000-00010

Del Bigio, M. R., and Vriend, J. P. (1998). Monoamine neurotransmitters and amino acids in the cerebrum and striatum of immature rats with kaolin-induced hydrocephalus. Brain Res. 798, 119–126. doi: 10.1016/s0006-8993(98)00404-1

Del Bigio, M. R., and Zhang, Y. W. (1998). Cell death, axonal damage, and cell birth in the immature rat brain following induction of hydrocephalus. Exp. Neurol. 154, 157–169. doi: 10.1006/exnr.1998.6922

Eastwood, S. L., Cairns, N. J., and Harrison, P. J. (2000). Synaptophysin gene expression in schizophrenia. Investigation of synaptic pathology in the cerebral cortex. Br. J. Psychiatry 176, 236–242. doi: 10.1192/bjp.176.3.236

Eastwood, S. L., and Harrison, P. J. (2001). Synaptic pathology in the anterior cingulate cortex in schizophrenia and mood disorders. A review and a Western blot study of synaptophysin, GAP-43 and the complexins. Brain Res. Bull. 55, 569–578. doi: 10.1016/s0361-9230(01)00530-5

Elston, G. N. (2003). Cortex, cognition and the cell: new insights into the pyramidal neuron and prefrontal function. Cereb. Cortex 13, 1124–1138. doi: 10.1093/cercor/bhg093


Elston, G. N. (2007). “Specialization of the neocortical pyramidal cell during primate evolution,” in Evolution of Nervous Systems, Volume IV, eds J. H. Kaas and T. D. Preuss (Oxford: Academic Press), 191–242.


Elston, G. N., and Fujita, I. (2014). Pyramidal cell development: postnatal spinogenesis, dendritic growth, axon growth, and electrophysiology. Front. Neuroanat. 8:78. doi: 10.3389/fnana.2014.00078

Glantz, L. A., Gilmore, J. H., Hamer, R. M., Lieberman, J. A., and Jarskog, L. F. (2007). Synaptophysin and PSD-95 in the human prefrontal cortex from mid-gestation into early adulthood. Neuroscience 149, 582–591. doi: 10.1016/j.neuroscience.2007.06.036

Grabs, D., Bergmann, M., Schuster, T., Fox, P. A., Brich, M., and Gratz, M. (1994). Differential expression of synaptophysin and synaptoporin during pre- and postnatal development of the rat hippocampal network. Eur. J. Neurosci. 6, 1765–1771. doi: 10.1111/j.1460-9568.1994.tb00569.x

Elston, G. N., Benavides-Piccini, R., Elston, A., Rimange, P., and DeFelipe, J. (2011). Pyramidal cell in prefrontal cortex of primates: marked differences in neuronal structure among species. Front. Neuroanat. 5:2. doi: 10.3389/fnana.2011.00002

Harris, N. G., McAllister, J. P. II., Conaughty, J. M., and Jones, H. C. (1996). The effect of inherited hydrocephalus and shunt treatment on cortical pyramidal cell dendrites in the infant H-Tx rat. Exp. Neurol. 141, 269–279. doi: 10.1006/exnr.1996.0161

Harris, N. G., Plant, H. D., Inglis, B. A., Briggs, R. W., and Jones, H. C. (1997). Neurochemical changes in the cerebral cortex of treated and untreated hydrocephalic rat pups quantified with in vitro 1H-NMR spectroscopy. J. Neurochem. 68, 305–312. doi: 10.1046/j.1471-4159.1997.68010305.x

Huttenlocher, P. R. (1974). Dendritic development in neocortex of children with mental defect and infantile spasms. Neurology 24, 203–210. doi: 10.1212/wnl.24.3.203


Jacobs, B., and Scheibel, A. B. (2002). “Regional dendritic variation in primate cortical pyramidal cells,” in Cortical Areas: Unity And Diversity, eds A. Schüz and R. Miller (London: Taylor and Francis), 111–131.


Johnston, M. G., Del Bigio, M. R., Drake, J. M., Armstrong, D., Di Curzio, D. L., and Bertrand, J. (2013). Pre- and post-shunting observations in adult sheep with kaolin-induced hydrocephalus. Fluids Barriers CNS 10:24. doi: 10.1186/2045-8118-10-24

Kang, L., Tian, M. K., Bailey, C. D. C., and Lambe, E. K. (2015). Dendritic spine density of prefrontal layer 6 pyramidal neurons in relation to apical dendrite sculpting by nicotinic acetylcholine receptors. Front. Cell. Neurosci. 9:398. doi: 10.3389/fncel.2015.00398

Kolb, B., and Gibb, R. (1991). Environmental enrichment and cortical injury: behavioral and anatomical consequences of frontal cortex lesions. Cereb. Cortex 1, 189–198. doi: 10.1093/cercor/1.2.189

Kondziella, D., Lüdemann, W., Brinker, T., Sletvold, O., and Sonnewald, U. (2002). Alterations in brain metabolism, CNS morphology and CSF dynamics in adult rats with kaolin-induced hydrocephalus. Brain Res. 8, 35–41. doi: 10.1016/s0006-8993(01)03320-0

Krause, M., Panteliadis, C., Hagel, C., Hirsch, F., Thome, U., Meixensberger, J., et al. (2018). Surgical treatment for neonatal hydrocephalus: catheter-based cerebrospinal fluid diversion or endoscopic intervention? Open J. Mod. Neurosurg. 8, 30–45. doi: 10.4236/ojmn.2018.81002

Kriebel, R. M., Shab, A. B., and McAllister, J. P. II. (1993). The microstructure of cortical neuropil before and after decompression in experimental infantile hydrocephalus. Exp. Neurol. 119, 89–98. doi: 10.1006/exnr.1993.1009


Lolova, I. (1989). Dendritic changes in the hippocampus of aged rats. Acta Morpholog. Hung. 37, 3–10.


López, M., Martínez, F., Del Valle, C., Ferrit, M., and Luque, R. (2003). Study of phenolic compounds as natural antioxidants by a fluorescence method. Talanta 60, 609–616. doi: 10.1016/s0039-9140(03)00191-7

Luebke, J. I. (2017). Pyramidal neurons are not generalizable building blocks of cortical networks. Front. Neuroanat. 11:11. doi: 10.3389/fnana.2017.00011

McAllister, J. P. II., Maugans, T. A., Shah, M. V., and Truex, R. C. Jr. (1985). Neuronal effects of experimentally induced hydrocephalus in newborn rats. J. Neurosurg. 63, 776–783. doi: 10.3171/jns.1985.63.5.0776

McMullen, A. B., Baidwan, G. S., and McCarthy, K. D. (2012). Morphological and behavioural changes in the pathogenesis of a novel mouse model of communicating hydrocephalus. PLoS One 7:e30159. doi: 10.1371/journal.pone.0030159

Nakamura, H., Kobayashi, S., Ohashi, Y., and Ando, S. (1999). Age-changes of brain synapses and synaptic plasticity in response to an enriched environment. J. Neurosci. Res. 56, 307–315. doi: 10.1002/(sici)1097-4547(19990501)56:3<307::aid-jnr10>3.0.co;2-3

Navlakha, S., Suhan, J., Barth, A. L., and Bar-Joseph, Z. (2013). A high-throughput framework to detect synapses in electron microscopy images. Bioinformatics 29, i9–i17. doi: 10.1093/bioinformatics/btt222

Olopade, F. E., Shokunbi, M. T., and Siren, A. L. (2012). The relationship between ventricular dilatation, neuropathological and neurobehavioural changes in hydrocephalic rats. Fluids Barriers CNS 9:19. doi: 10.1186/2045-8118-9-19

Ovtscharoff, W., Bergmann, M., Marquèze-Pouey, B., Knaus, P., Betz, H., Grabs, D., et al. (1993). Ontogeny of synaptophysin and synaptoporin in the central nervous system: differential expression in striatal neurons and their afferents during development. Dev. Brain Res. 72, 219–225. doi: 10.1016/0165-3806(93)90186-e

Peters, A., and Kaiserman-Abramof, I. R. (1970). The small pyramidal neuron of the rat cerebral cortex. The perikaryon, dendrites and spines. Am. J. Anat. 127, 321–355. doi: 10.1002/aja.1001270402

Pinto, J. A., Jones, D. G., and Murphy, K. M. (2013). Comparing development of synaptic proteins in rat visual, somatosensory, and frontal cortex. Front. Neuroanat. 7:97. doi: 10.3389/fncir.2013.00097

Purpura, D. P. (1974). Dendritic spine “dysgenesis” and mental retardation. Science 186, 1126–1128. doi: 10.1126/science.186.4169.1126


Purpura, D. P. (1975). Dendritic differentiation in human cerebral cortex: normal and aberrant development patterns. In Advances in Neurology, (Vol. 12) ed. G. W. Kreutzberg (New York, NY: Raven Press), 91–116.


Purpura, D. P., Bodick, N., Suzuki, K., Rapin, I., and Wurzelmann, S. (1982). Microtubule disarray in cortical dendrites and neurobehavioral failure: Golgi and electron microscopic studies. Brain Res. 281, 287–297. doi: 10.1016/0165-3806(82)90128-6

Rahmy, T. R., and Hassona, I. A. (2004). Immunohistochemical investigation of neuronal injury in cerebral cortex of cobra-envenomed rats. J. Venom. Anim. Toxins Incl. Trop. Dis. 10, 53–76. doi: 10.1590/s1678-91992004000100005

Rakic, P., Bourgeois, J. P., Eckenhoff, M. F., Zecevic, N., and Goldman-Rakic, P. S. (1986). Concurrent overproduction of synapses in diverse regions of the primate cerebral cortex. Science 232, 232–235. doi: 10.1126/science.3952506

Sakić, B., Szechtman, H., Denburg, J. A., Gorny, G., Kolb, B., and Whishaw, I. Q. (1998). Progressive atrophy of pyramidal neuron dendrites in autoimmune MRL-lpr mice. J. Neuroimmunol. 87, 162–170. doi: 10.1016/s0165-5728(98)00085-x

Salvador, S. F., Henriques, J. C., Munguambe, M., Vaz, R. M. C., and Barros, H. P. (2014). Hydrocephalus in children less than 1 year of age in northern Mozambique. Surg. Neurol. Int. 5:175. doi: 10.4103/2152-7806.146489

Scarfone, E., Demêmes, D., and Sans, A. (1991). Synapsin I and synaptophysin expression during ontogenesis of the mouse peripheral vestibular system. J. Neurosci. 11, 1173–1181. doi: 10.1523/JNEUROSCI.11-05-01173.1991

Shaolin, Z., Zhanxiang, W., Hao, X., Feifei, Z., Caiquan, H., Donghan, C., et al. (2015). Hydrocephalus induced via intraventricular kaolin injection in adult rats. Folia Neuropathol. 53, 60–68. doi: 10.5114/fn.2015.49975

Spruston, N. (2008). Pyramidal neurons: dendritic structure and synaptic integration. Nat. Rev. Neurosci. 9, 206–221. doi: 10.1038/nrn2286

Stocker, A. M., and O’Leary, D. D. M. (2016). Emx1 is required for neocortical area patterning. PLoS One 11:e0149900. doi: 10.1371/journal.pone.0149900

Stoltenburg-Didinger, G., and Spohr, H. L. (1983). Fetal alcohol syn- drome and mental retardation: spine distribution of pyramidal cells in prenatal alcohol-exposed rat cerebral cortex. A Golgi study. Brain Res. 313, 119–123. doi: 10.1016/0165-3806(83)90206-7

Tanaka, S., Saito, M., Morimatsu, M., and Ohama, E. (2000). Immunohistochemical studies of the PrP (CJD) deposition in Creutzfeldt-Jakob disease. Neuropathology 20, 124–133. doi: 10.1046/j.1440-1789.2000.00285.x

Turgut, M., Baka, M., and Uyanıkgil, Y. (2018). Melatonin attenuates histopathological changes in the hippocampus of infantile rats with kaolin-induced hydrocephalus. Pediatr. Neurosurg. 53, 229–237. doi: 10.1159/000488497

Vogel, P., Read, R. W., Hansen, G. M., Payne, B. J., Small, D., Sands, A. T., et al. (2012). Congenital hydrocephalus in genetically engineered mice. Vet. Pathol. 49, 166–181. doi: 10.1177/0300985811415708

von Bohlen Und Halbach, O. (2006). Immunohistological markers for staging neurogenesis in adult hippocampus. Cell Tissue Res. 329, 409–420. doi: 10.1007/s00441-007-0432-4

Wang, W. Z., Hoerder-Suabedissen, A., Oeschger, F. M., Bayatti, N., Ip, B. K., Lindsay, S., et al. (2011). Subplate in the developing cortex of mouse and human. J. Anat. 217, 368–380. doi: 10.1111/j.1469-7580.2010.01274.x

Xian, X., Liu, T., Yu, J., Wang, Y., Miao, Y., Zhang, J., et al. (2009). Presynaptic defects underlying impaired learning and memory function in lipoprotein lipase-deficient mice. J. Neurosci. 29, 4681–4685. doi: 10.1523/JNEUROSCI.0297-09.2009

Xiong, J., He, C., Li, C., Tan, G., Li, J., Yu, Z., et al. (2013). Changes of dendritic spine density and morphology in the superficial layers of the medial entorhinal cortex induced by extremely low-frequency magnetic field exposure. PLoS One 8:e83561. doi: 10.1371/journal.pone.0083561

Yuste, R., Majewska, A., and Holthoff, K. (2000). From form to function: calcium compartmentalization in dendritic spines. Nat. Neurosci. 3, 653–659. doi: 10.1038/76609

Zhang, S., Ye, X., Bai, G., Fu, Y., Mao, C., Wu, A., et al. (2017). Alterations in cortical thickness and white matter integrity in mild-to-moderate communicating hydrocephalic school-aged children measured by whole-brain cortical thickness mapping and DTI. Neural Plast. 2017:5167973. doi: 10.1155/2017/5167973

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Femi-Akinlosotu, Shokunbi and Naicker. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnana-13-00038-g003.gif





OPS/images/fnana-13-00038-g004.gif





OPS/images/fnana-13-00038-g002.gif





OPS/images/fnana-13-00038-t001.jpg
Days post induction Control n = 20 Hydrocephalic n = 20

7 3.45+0.06 239+ 0.11%
14 510+0.14 5.44 +£0.28
21 8.82+0.21 6.26 + 0.27*






OPS/images/fnana-13-00038-g007.gif





OPS/images/fnana-13-00038-g005.gif





OPS/images/fnana-13-00038-g006.gif
Dendritic Length
50004

4000

length (um)
©
8
8
T

20004

10004

—== — .
E7 c14 E14 c21 E21






OPS/images/crossmark.jpg





OPS/images/fnana-13-00038-g001.gif
Weight Changes in grams

WEEKLY WEIGHT GAIN

10.0
=+~ CONTROL

5 ~#- HYDROCEPHALIC

5.0:

25





OPS/images/fnana-13-00038-t002.jpg
Post natal day (PND) Sham control mice Hydrocephalic mice

7 62.57 + 9.40 449 £ 1,67
14 93.01 +1.66 14.26 + 1.91%
21 99.11 +£ 0.63 17.65 + 2.76%+






OPS/images/fnana-13-00038-g008.gif





OPS/images/cover.jpg
, frontiers

in Neuroanatomy

Dendritic and Synaptic
Degeneration in Pyramidal
Neurons of the Sensorimotor
Cortex in Neonatal Mice With
Kaolin-Induced Hydrocephalus









OPS/images/logo.jpg
, frontiers
in Neuroanatomy





