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Abstract 

In 1873, Camillo Golgi reported reticular nature of the nervous system by a newly developed staining method. In 1888, Ramón y Cajal modified this protocol and obtained staining restricted to individual neurons, which agreed with the cell theory. Close examination shows that Golgi used a single oxidizing agent to treat brain tissue prior to the staining chemical reaction and Cajal used an additional oxidizing agent during the same step. This indicates that the oxidation state of the tissue has a crucial role in determining the extent of spread of Golgi chemical reaction between neurons. Since lateral spread of the Golgi stain indicates extra-synaptic spread of the reaction, it leads to questions, “Are there oxidation state-dependent functional gates operating between the membranes of neurons?” “Does an examination of brain functions reveal any feasible support for their presence?” Since learning-generated changes are expected to reverse following short duration of working memory, gradual increases in blood oxygenation level-dependent (BOLD) signals of functional MRI (fMRI) in a corresponding time frame of seconds following learning prompts to hypothesize a certain functional role for oxygen. This paper explores testable role of oxidation states in the observed similarities between the limitation of spread of Golgi staining and working memory reversal. 

Introduction

It is necessary to have a structure-function model of nervous system organization that can provide interconnected explanations of the relationships between the brain, mind, and behavior (Lichtman et al., 2014; Swanson and Lichtman, 2016). Since current approaches to study higher brain functions primarily focus on examining behavior, it is necessary to undertake new steps to find a mechanistic explanation for the most important and unique function of the nervous system for the generation of first-person internal sensations. Hence, it is necessary to first undertake theoretical methods to identify a testable mechanism operating in a synaptically-connected circuitry that has the potential to generate first-person internal sensations together with an option to exhibit behavioral motor actions corresponding to those inner sensations. This approach may lead to finding certain hidden system features or missing nano-level connections in the system. This also highlights the importance of re-examining findings from various structural studies undertaken in the past to obtain valuable clues, which will aid in designing experiments to verify structural properties responsible for the anticipated functions. 

Argument that understanding higher level neuronal functions necessitates exploration beyond the limits of the neuron doctrine (Bullock et al., 2005) highlights the necessity to thoroughly re-examine structural details of the system towards understanding the generation of first-person inner sensations of various higher brain functions. The remaining roadblock has been remaining to design an approach to study how the brain generates inner sensations. A method to circumvent this was applied by an inductive reasoning approach using constraints from a large number of findings from the system in multiple levels. The main argument used was that if it becomes possible to arrive at a solution that can explain all the findings from the system at different levels in an interconnected manner, then that mechanism is likely correct. In this approach, unmatched findings from different levels are expected to provide most valuable constraints towards solving the system (Vadakkan, 2019). This resulted in the derivation of an inter-postsynaptic functional LINK (IPL) as the key operational structural mechanism of the system (Vadakkan, 2007; 2013; 2016a). This provides an opportunity to re-examine and re-interpret results from past experiments conducted to understand the structural details of the system to identify possible hints regarding the formation of IPLs. 
By 1839, Theodor Schwann and Matthias Jakob Schleiden made major contributions to the cell theory (Sharp, 1921) that described cells as the basic structural units in all the organisms. However, there were huge difficulties for staining and observing cells in the brain. Otto Deiters provided a comprehensive description of a nerve cell before his death in 1863. Later, his work was edited and published by Max Schultze (Schultze, 1865). Deiters postulated that dendrites of neurons fuse to form a continuous network. In 1871, Joseph von Gerlach put forward the reticular theory that explained brain cells as a reticulum of cells. In 1873, Camillo Golgi invented Golgi staining method (Golgi, 1873; 1878; 1898; 1906) by first treating the brain tissue with potassium dichromate (K2Cr2O7) followed by a reaction with silver nitrate (AgNO3). This chemical reaction generates a black stain limited to the cell membrane (Koyama, 2013) that spreads between several cells in the brain to generate a continuous network (Golgi, 1906). Golgi’s findings agreed with the reticular theory. 
Santiago Ramón y Cajal improved the Golgi staining by using a method that he termed "double impregnation” by adding osmium tetroxide (OsO4) to potassium dichromate solution used by Golgi (De Carlos and Borrell, 2007). Cajal found that chemical reaction is mainly restricted to individual neurons in the presence of OsO4. This led Cajal to report that the nerve cells are not reticular in nature; but are discrete individual cells (Cajal, 1888; 1894; 1906; 1909) in agreement with the cell theory, which became the basis of neuron doctrine. In the 1950s, electron microscopical (EM) studies showed features that match with arguments in the neuron doctrine. Dye injected into the cytoplasm of individual neurons remained within those neurons, which also supported Cajal’s interpretations. Furthermore, it is possible to grow individual neurons from primary neuronal cultures. 

What is the chemical basis for the restriction of Golgi stain to individual neurons in Cajal’s modification, in contrast to the original Golgi staining method? Different interpretations were made to explain this (Millhouse, 1981; Spacek, 1992). Even though these interpretations suggest that the inter-neuronal spread of chemical reaction likely occur under certain conditions through a route other than inter-cytoplasmic route, nature, and properties of the path of spread have been remaining elusive. In the context of the lack of a mechanistic explanation for a) controversial arguments made by Golgi regarding Cajal’s findings (Golgi, 1906), b) continuing dissatisfaction for the explanations for interpretations of Golgi staining results (Sotelo, 2011; Mazzarello, 2018), and c) the fact that we have not yet understood how the nervous system operates to generate first-person properties, it is necessary to fully explore the chemical basis of Golgi staining reaction. Since Golgi reaction preferentially takes place in the dendritic area and not the axonal region, it is necessary to examine the potential nature of chemical reaction between dendrites of neurons that allows the spread of staining reaction between them. It is also necessary to examine whether elements responsible for spread of chemical reaction have the potential to involve in the establishment of any electrical connection between neurons in vivo under physiological conditions. 

Since Cajal, different modifications of Golgi staining were made (Braitenberg et al., 1967; Smit and Colon, 1969; Ito and Atencio, 1976; Blight, 1978; Somogyi and Smith, 1979; Landas and Phillips, 1982; Ebbesson and Cheek, 1988; Angulo et al., 1994; Angulo et al. 1996; Gibb and Kolb, 1998; Zhfang et al., 2003; Friedland et al., 2006; Ranjan and Mallick 2010; Vints et al., 2019). Each one of them was carried out with an aim to better visualize structural details of dendrites, such as dendritic spines. These modifications use either potassium permanganate (KMnO4) or potassium chromate (K2CrO4) as a second oxidizing agent in addition to K2Cr2O7. This again confirms that the addition of a second oxidizing agent is necessary to restrict the Golgi stain to individual neurons. 

What can we learn from Golgi’s findings and Cajal’s modification that restricts staining to individual neurons? K2Cr2O7 has been regarded as an agent that hardens brain tissue, before adding AgNO3, which facilitates sectioning of brain tissue. Both Golgi and Cajal did not refer K2Cr2O7 as an oxidizing agent. However, from the history of analytical chemistry (Szabadváry, 1966) one can infer that prevailing knowledge at the time of Golgi and Cajal was that both K2Cr2O7 and OsO4 are oxidizing agents. This may have led Cajal to qualify his modification a "double impregnation” method. Since K2Cr2O7 and OsO4 are oxidizing agents, it is necessary to understand how increased oxidation state reduces the spread of chemical reaction between neurons in an oxidation state-dependent manner. Since a) no inter-cytoplasmic communication is anticipated between neurons, b) Golgi stain spreads along the membranes (Pannese, 1999), and c) there is no trans-synaptic spread of Golgi staining reaction, it is most likely that the dye spreads through an inter-neuronal inter-membrane route under conditions of decreased oxidation state. This prompts one to ask, “What are the likely inter-neuronal structural interactions that will allow the inter-membrane spread of chemical reaction between neurons in the same neuronal order?” (Fig.1) “Is it possible to infer that oxidation state changes regulate a gate through which chemical reaction spreads?” “Does the oxidation state determine the formation of these structural interactions between neurons, which may provide some valuable hints regarding normal operational mechanism of the nervous system?” It is also possible to ask, “What property of the chemical reaction under less oxidizing conditions of the brain tissue allows the spread of staining reaction between neurons that permits the cells to look like a continuous single network by the original Golgi staining method?”
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Figure 1. The spread of Golgi chemical reaction among neurons of the same neuronal order depends on the oxidation state of the tissue. A) Under original Golgi staining conditions, where only one oxidizing agent was used to prepare brain tissue, spread of chemical reaction occurs between large numbers of neurons producing a reticulated pattern of neurons. Here, only two neurons Neuron 1 and Neuron N along with their spines and an intervening group of spines that belong to different neurons (not shown) in between them are shown to have Golgi staining. An inter-neuronal inter-spine interaction is expected to occur during learning. B) Under increased oxidation state obtained using more than one oxidizing agent to prepare the brain tissue, spread of Golgi chemical reaction is restricted to individual neurons. This is expected to occur while performing Cajal’s modification of Golgi staining reaction. A fitting explanation for both the effect of oxidation state on reversing IPLs during brain functions and a parallel effect of oxidation state in limiting Golgi staining reaction within individual neurons can be experimentally verified. 

Probable chemistry: Role of oxidizing agents in the spread of Golgi staining

Under moderate oxidation states, Golgi stain reaction spreads between neurons even within a single neuronal order. In the presence of a second oxidizing agent, only 1 to 5% of neurons per sample were stained, providing visualization of individual neurons and their dendritic arbor without interference from neighboring neuronal processes in all planes. It is necessary to examine probable chemical changes that allow for differences in the pattern of spread of staining reactions under the above two conditions. K2CrO4 reacts with AgNO3 to form black colored silver chromate that clusters around the cell membranes (Pannese, 1999). Hence, it was named black reaction. Even though one view is that the staining reaction progresses from the cut ends of the neuronal processes, the exact mechanism is not yet known (Pannese, 1999). Introduction of an additional oxidizing agent restricted the black reaction to individual neurons. Even though it is viewed that hydration layer that forms a thin physical and electrical separation between neuronal cell membranes gets lost during fixation of brain tissue by aldehydes, under less oxidizing conditions spread of chemical reaction occurs between neurons through surface contact (Pannese, 1999). This leads to the question, “When membranes are in direct contact with each other, what type of an oxidation state-dependent mechanism allows the spread of Golgi chemical reaction between them?”
Constraints from Golgi staining and other nervous system findings

For a system whose operational mechanism is yet to be confirmed, it is necessary to simultaneously examine all the unusual findings that it exhibits in different levels with an aim to find a solution that can inter-connect all the seemingly unrelated findings like solving a large puzzle. Once it becomes possible to arrive at a theoretical solution, it may allow putting forward testable predictions that can be subjected to verifications. The following table shows some of the findings related to both Golgi staining and nervous system functions along with constraints offered by them (Table 1). 

	                          Findings
	                        Constraints

	Under moderate oxidizing conditions, the spread of Golgi stain is initially limited to a group of neurons, including those that are present within the same neuronal order (Golgi, 1906). When the oxidation state is further increased, Golgi staining limits to individual neurons 
	The oxidation state of the brain tissue determines the extent of spread of Golgi chemical reaction between neurons. Hence, an oxidation state-dependent spread of Golgi staining reaction is present

	Golgi stain spreads along the cell membranes (Pannese, 1999). Under less oxidizing conditions, Golgi reaction can propagate from one neuron to laterally located neurons within the same neuronal order
	There is an oxidation state dependent spread of Golgi staining reaction that indicates the occurrence of membrane-to-membrane spread of chemical reaction between neurons

	Modified Golgi reaction preferably stains dendritic side of neurons
	A gradient of oxidation states is present/occurs along the neuronal processes from the spines (postsynaptic terminals) to the axonal (presynaptic) terminals

	In the absence of oxygen, brain death occurs within minutes. Lack of oxidative phosphorylation preventing ATP synthesis is one cause. Occurrence of the rapid irreversible death of brain cells faster than cells of other organs needs a compelling reason.
	Lack of oxygen decreases tissue oxidation state rapidly. One testable constraint is that it causes irreversible fusion between neuronal processes that belong to different neurons at the locations of their normal interactions that result in ephaptic connections. This leads to mixing of cytoplasmic contents, which in turn causes rapid irreversible death of neurons

	Blood oxygenation level dependent (BOLD) signals in fMRI appear following a higher brain function or artificial neuronal stimulation at the same location and reach peak values only after a delay of up to 4 seconds (Monti et al., 2010; Murayama et al., 2010) 
	Normal synaptic delay is only 1 to 2 milliseconds. Both associative learning and memory retrieval can take place in milliseconds. Hence, it is necessary to explain whether delayed release of oxygen performs a function 

	Dye injected into the cytoplasm of a neuron remains within that space
	Cytoplasm is restricted within a space bounded by cell membranes 

	Humans do not have the ability to synthesize vitamin C, which is a reducing agent
	Certain functions get optimized in the absence of synthesis of this reducing agent 


Table 1. Changes in the oxidation and oxygenation states of brain tissue cause changes in the pattern of Golgi staining and BOLD signals of fMRI respectively. Constraints offered by these findings can be used to examine whether they are interconnected in any possible manner. This may assist in searching for the mechanism of operation of the nervous system by asking the questions, “Does the path through which spread of Golgi chemical reaction between neurons get inhibited by increasing the oxidation state of the tissue in Golgi staining reaction?”, “Is this the same as a path operated during higher brain functions where increased oxidation states expected by oxygen release (as evidenced by BOLD signals) occur immediately following a higher brain function?” BOLD: Blood oxygenation level dependent. fMRI: Functional magnetic resonance imaging.

Questions arising from the above constraints include, “Does membrane-to-membrane spread of Golgi chemical reaction indicate presence of an oxidation-state dependent channel between neuronal membranes?” “Is it possible that such a channel gets formed between membranes during brain functions such as associative learning?” (Table 2) “Can such a channel provide explanations for both generation of first-person inner sensations (for example, that of memory and perception) and concurrent motor actions?” Blood oxygenation level-dependent (BOLD) signal changes in fMRI following the release of oxygen that peaks nearly 3 to 4 seconds after performing a brain function. “Can oxygen released during BOLD signals inhibit this channel following learning and explain forgetting?” “Can operation of such a channel allow summated potentials to cross the threshold to fire specific neurons to generate motor actions reminiscent of the arrival of an associatively learned second item?” 
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Table 2. A comparison table showing testable effect of oxidation state of the tissue in maintaining or reversing inter-neuronal connections, which can determine both propagation of depolarization in vivo and spread of Golgi stain between neurons in a fixed brain tissue through a similar route. Note black staining of neurons in Golgi staining. 





Emerging questions and testable answers

a) Is there any possibility for a derived mechanism of nervous system functions to operate by interaction between spines belonging to different neurons?

It is hoped that once we understand how the brain works, we should be able to explain the details of connectome that provides all its functions. At that stage, we are also expected to explain how Golgi stain spreads between neurons across membranes, which is controlled by the oxidation state of brain tissue. In this context, it is reasonable to examine the semblance hypothesis that has derived a mechanism of inter-neuronal membrane interaction to explain generation of first-person inner sensations (Vadakkan, 2007; 2013; 2019). This hypothesis also fulfills the expectations of a mechanism that describes memories as cue-induced, cue-specific hallucinations (inner sensation of a specific item or event in its absence (Minsky, 1980). 

Extracellular matrix (ECM) prevents ephaptic spread of depolarization between neuronal processes. Examination of electron microscopic images of the cortex taken after dehydrating the tissue by fixation reveals that inter-membrane ECM is negligible in most locations in the cortex. This increases the possibility for the formation and reversal of a gate between neuronal membranes that may control propagation of depolarization to achieve some brain functions. But displacing the hydration layer between spines is expected to be a highly energy-requiring process similar to displacing the hydration layer between artificial membranes (Cohen and Melikyan, 2004; Martens and McMahon, 2008). Based on the semblance hypothesis, inter-postsynaptic functional LINKs (IPLs) are expected to form functional gates between spines of different neurons during associative learning (Vadakkan, 2013). If there is a biological feature that can easily overcome the energy barrier imposed by the hydration layer, then abutted nature of spines at many locations where dendritic arbor overlaps can provide a beneficial property to the nervous system. After the formation of IPLs, the arrival of one of the stimuli at the time of memory retrieval is expected to reactivate the IPL and induce units of internal sensations at the inter-LINKed spine where the second stimulus had arrived at the time of learning. In the context of the continued quantal release of neurotransmitter molecules at the synapses that depolarize the spine heads and the occasional arrival of action potentials leading to a volley of neurotransmitter release eliciting postsynaptic potentials, any activation of an inter-LINKed spine by depolarization arriving from a lateral direction (other than synaptic transmission from its presynaptic terminal) is expected to induce a hallucination (semblance) that this inter-LINKed spine is receiving a stimulus from the environment through its presynaptic terminal. In fact, postsynaptic potentials are not generated on the inter-LINKed spine from an action potential arriving at its presynaptic terminal at that moment. Hence, this is called semblance. This is viewed as a system property of systems where synaptic transmission and propagation of potentials across the IPL contribute vector components to generate oscillating extracellular potentials.

Since brain functions occur only within a narrow range of frequency of oscillating extracellular potentials as evident from electroencephalogram (EEG) studies (Palva and Palva, 2007), the IPL mechanism matches with the expectations of an operational mechanism of the nervous system (Vadakkan, 2019). It also matches with the expectations of K-lines proposed to explain a learning-change that can allow retrieval of memories as cue-induced hallucinations (Minsky, 1980). In the presence of dopamine released during motivational states or associative learning of specific deleterious and beneficial associations (Wise, 2004; O'Carroll et al, 2006) effect of dopamine in expanding dendritic spines (Yagishita et al., 2014) is expected to lead to persistence of IPLs for a long period of time, enabling a mechanism for long-term memory. 

IPL mechanism is expected to operate by a spectrum of changes ranging from exclusion of the hydration layer between spines that belong to different neurons to the generation of reversible partial and complete hemifusions between them (Vadakkan, 2013; 2016a; 2019) (Fig.2A). Out of the above spectrum of structural changes, IPL formation by exclusion of hydration layer is expected to be the most frequently occurring change that can explain rapid associative learning when an animal moves through the environment and its reversal is responsible for a short duration of retention of learning mechanism, explaining working memory of that learned event.
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[bookmark: _Hlk126593073]Figure 2. Inter-neuronal inter-spine structural proximity that can allow interaction between them. A) Since the mean inter-spine distance is more than the mean spine diameter, abutted spines belonging to two different neurons can interact with each other.A negligible hydration layer of extracellular matrix between these spines that functions as an insulating medium in resting conditions. Even though high energy is expected to overcome this hydration barrier, this can be bypassed through a specific molecular organization during different brain functions such as associative learning to form an inter-postsynaptic functional LINK (IPL. Removal of hydration layer during fixation followed by oxidizing conditions is expected to promote spread of Golgi chemical reaction between spines of different neurons. B) Neuron 1 and Neuron N, whose spines are not directly abutted to each other, are expected to get inter-LINKed with each other through several dendritic spines (shown in multiple colors) of other neurons (not shown) under physiological conditions of continued associative learning events. In parallel with this, abutted nature of these inter-neuronal spines favor the spread of Golgi chemical reaction between many neurons during original Golgi staining in the presence of only one oxidizing agent. Inter-neuronal inter-spine interaction is a testable mechanism. C) Neuron 1 and Neuron 2, whose spines are directly abutted to each other, are expected to get electrically inter-LINKed with each other through an interaction between their spines during associative learning. This is a reversible, stabilizable, and reactivatable LINK as shown in A.

Presence of negligible ECM between neuronal processes in the EM images of dendrites of CA1 neurons of hippocampus (Harris and Stevens, 1989; Harris and Kater, 1994) provides the hint that it may provide a suitable mechanism for both generating a reversible and yet stabilizable learning changes. Dendrites on the dendritic arbors of neighboring CA1 pyramidal cells that overlap each other in 2-D views of Golgi-stained sections (Sorra and Harris, 1993) provides an inference that several spines belonging to different neurons are abutted to each other with negligible ECM in a 3-D field. It is likely that IPLs formed between abutted spines of a large number of neurons can form islets of inter-LINKed spines (Fig.2B). A method that identifies locations of synapses (Buhmann et al., 2021) can be utilized to examine the distribution of abutted spines.

When spines of a dendrite are examined by injecting a dye into the soma of its neuron, it is not possible to appreciate their abutted nature with the spines of other neurons. Since the mean inter-spine distance is more than the mean spine diameter (Konur et al., 2003), it is possible to reexamine EM sections (Harris and Kater, 1994) to appreciate the abutted nature of spines that belong to different neurons for the potential formation of IPLs. According to the semblance hypothesis, inter-neuronal inter-spine interaction is necessary to explain classical conditioned learning (and in very rare cases inter-spine interaction between spines of different dendrites of the same neuron, which is expected to generate only units of internal sensation without eliciting any separate motor outputs) (Vadakkan, 2019). Dedicated studies are necessary to confirm the identity of the neurons to which those spines belong. Images from advanced EM studies (Burette et al., 2012) show less than four membrane layers in several locations between abutted cell membranes that match with expected findings at locations of inter-membrane interactions. However, dedicated imaging studies are necessary to a) verify which abutted membranes belong to dendritic spines, and b) confirm whether those spines belong to different neurons (and in very rare cases belong to different dendrites of the same neuron (Vadakkan, 2019)). 

b) Is it possible to correlate fMRI findings in terms of oxidation state-dependent changes during learning?

Functional magnetic resonance imaging (fRMI) studies show that it takes nearly 3 to 5 seconds for the released oxygen to gradually peak following both a) brain functions, and b) artificial elicitation of neuronal firing at the same location (Monti et al., 2010; Murayama et al., 2010). This is a huge delay compared to only milliseconds needed for both associative learning and memory retrieval. When an animal moves through an environment, it can retrieve memories of majority of newly associated items or events for a short period of time, which can explain the short duration of working memory. Two findings a) learning-changes are short-lasting as evidenced by short duration of working memory, and b) time needed for the BOLD signals to peak matches with the time needed for the disappearance of short-lasting working memory have correlations. In this context, a third finding that Golgi staining reaction between neurons is restricted to single neurons under increased oxidation state prompts to ask, “Does release of oxygen reverse learning-changes through an oxidation state dependent mechanism?”  

BOLD signal following learning indicates release of oxygen in the brain areas that may have certain function. If increase in oxidation state can reverse large number of newly formed IPLs, the involved dendritic spines can be used for new sets of associative learning events. In conditions such as motivation-induced dopamine release (Wise, 2004) that can promote spine expansion (Yagishita et al., 2014), strong inter-spine interactions are expected to occur leading to long-term persistence of newly formed IPLs. In conditions that lead to sudden termination of oxygen supply, existing stabilized IPLs will continue to persist. In severe reducing conditions, an extreme end of the spectrum of changes that can initiate fusion between spines involved in newly formed IPLs is expected to occur (Vadakkan, 2016b). This can lead to mixing of cytoplasmic contents of different neurons. Since mRNA profiles of adjacent neurons of even the same neuronal type are different (Kamme et al., 2003; Cembrowski et al., 2016; Tasic et al., 2018) IPL fusion can lead to acute cytotoxic damage of the involved neuronal cells. This can explain signal changes in diffusion weighted imaging (DWI) sequences of MRI following anoxic injury (Achard et al., 2011; Hirsch et al., 2020). 

Regulation of oxygen release during brain functions can be seen in the following example. In motion extrapolation experiments, fMRI studies show predictable moving objects to cause decrease in BOLD signals (Schellekens et al., 2016). Using the observation that neurons that fire at regular intervals, it was argued that a predictable stimulus is expected to produce weaker prediction error than unpredicted stimulus (Rao and Ballard, 1999). This needs a mechanistic explanation. Based on IPL mechanism, decrease in oxygen release as evidenced by reduced BOLD signals can facilitate maintenance of newly formed IPLs whose reactivations can be explained to contribute to both internal sensation of anticipation and firing of postsynaptic neurons (Vadakkan, 2013; 2016a).   

c) What is the likely nature of inter-spine interactions? 

DiI dye is a fluorophore-conjugated modified lipid molecule that can replace fatty acids of lipid membranes allowing detection of neuronal processes. Intracellular injection of DiI dye shows neurons as individual cells (Cheng et al., 2014). However, in a few cases dye that function by replacing fatty acids of lipid membranes spreads to adjacent neuronal cells after a few hours (von Bartheld et al., 1990). Since any inter-cytoplasmic connections will lead to mixing of cytoplasmic content, it can lead to homeostatic mechanisms to overcome such connections through removal of involved spines. Failure of the latter can lead to neuronal death (Vadakkan, 2016b). This indicates that normal inter-spine membrane interactions are limited to prevent fusion between membranes. This is the basis for making an inference from the findings of negligible thickness of ECM between neuronal processes in EM studies (Harris and Kater, 1994; Ventura and Harris, 1999; Burette et al., 2012) that IPL structural changes can range only up to inter-membrane hemifusion between two neuronal cells. 
d) Is there any molecular support for the arguments?

It is possible to inquire whether oxidation state can influence different stages of membrane fusion. The spectrum of IPL changes consists of various stages of membrane fusion except the last stage. One of the candidate mechanisms that facilitates membrane fusion is soluble NSF (N-ethylmaleimide sensitive fusion protein) attachment protein receptor (SNARE) molecule (Sauvola and Littleton, 2021). It is known that unique SNARE proteins are present in the dendritic spines (Jurado et al., 2013). SNARE proteins are associated with the formation of long-lived hemifusion intermediates of membrane fusion (Oelkers et al., 2016). Furthermore, depending on the distance between the membranes, SNARE proteins have ability to hemifuse the outer layers of abutted membranes (Li et al., 2007). Experimental findings that oxidation destabilizes SNARE complex formation (Dabell et al., 2014) and prevents membrane fusion through a SNARE-mediated mechanism (Alpadil et al., 2012) lead to the inference that any condition that increases the oxidation state can result in IPL reversal. Furthermore, molecular dynamic simulations of SNARE complex suggest that oxidation leads to dysfunctional SNARE complex (Bock et al., 2010). These findings match with the inference about the role of oxidation state in the formation and reversal of IPLs. In a fixed brain tissue, proteins are denatured. However, certain fixed inter-membrane interactions in their reduced state may facilitate spread of Golgi stain between neuronal membranes. 

e) [bookmark: _Hlk126144956]Are there any similarities between oxygenation state-dependent reversal of IPLs responsible for working memory and oxidation state-dependent changes in Golgi staining?

[bookmark: _Hlk126747439]In the context of initial slow release of oxygen that peaks only after 3 to 5 seconds following brain functions, as observed by BOLD signals, one is prompted to ask, “Does oxygen reverse associative learning changes using oxidation properties of oxygen?” In the stratum radiatum layer of the hippocampal CA1 area, pedocytes surround nearly more than 50% of the total number of synapses where they are found in nearly 50% of the perisynaptic space (Ventura and Harris, 1999). Blood brain barrier is formed between the membranes of capillary endothelial cells and astrocytic pedocytes. Since an IPL is formed between membranes of a minimum of two spines (having their synapses on them), release of oxygen is expected to occur towards majority of IPLs. Restriction of Golgi staining chemical reaction to individual neurons under higher oxidation states and oxygenation state-dependent reversal of IPLs responsible for working memory need further explanations. It is necessary to a) prove that oxidation state-dependent reversal of IPLs in vitro is responsible for short duration of working memory, and b) find out the chemistry behind restriction of Golgi staining to individual neurons under increased oxidation states. 

Even though the effect of oxidation state of tissue in restricting Golgi staining reaction to individual neurons and the effect of oxygenation state in reversing IPLs are expected to occur at the interphase between spine membranes of different neurons, there are major differences between their occurrences. Reversal of IPLs by oxygen is expected to occur at the molecular level due to withdrawal of projected areas of certain molecules from the inter-spine space leading to re-introduction of hydration layer between spine membranes. In Golgi reaction, oxidation change prevents Golgi chemical reaction from spreading between spine membranes of neurons that have already lost hydration layer between them. Hence, it is possible to hypothesize that abutted membrane surfaces of spines are rich in molecules having a wide range of redox potentials and respond according to the presence or absence of oxygen or oxidizing agents.  

f) Is there any advantage for the lack of ability to synthesize vitamin C in mammals?

Vitamin C (ascorbic acid) is a reducing agent. The last step in the pathway of vitamin C synthesis is oxidation of l-gulonolactone to l-ascorbic acid by l-gulonolactone oxidase. This enzyme is deficient in primates including man, guinea pigs, passeriform birds, bats, and teleost ﬁsh due to mutations of its gene (Linster and Van Schaftingen, 2007). Vitamin C is synthesized by many vertebrates. Its synthesis in sea lamprey (Moreau and Dabrowski, 1998a) indicates that synthesis of vitamin C was present in the early ﬁsh (nearly 590 to 500 million years ago) before the emergence of terrestrial vertebrates (Moreau and Dabrowski, 1998b). The gene in the synthetic pathway was subsequently lost in several species (Birney et al., 1976). Why did this gene get lost? What evolutionary selection might have occurred there? One possibility is the sudden appearance of plants bearing fruits rich in vitamin C. An alternative explanation is that optimized modifications of nervous system operations needed less reducing conditions, which necessitated stoppage of vitamin C synthesis. This provided survival advantage to those animals. 

Studies show that brain is one of the organs having the highest vitamin C content and neurons have transporters for vitamin C (Harrison and May, 2009). Furthermore, redox imbalance associated with vitamin C transport takes place in Huntington’s disease (Covarrubias-Pinto et al., 2021), a disease characterized by excessive spine loss (Nithianantharajah and Hannan, 2013). These findings prompt for searching a role of lack of vitamin C in the oxidation state dependent operation of IPLs. One possibility is that IPLs started functioning more optimally to provide survival advantage in the absence of synthesis of vitamin C. For example, vitamin C is an essential factor in the degradation of l-3,4-dihydroxyphenylalanine (L-DOPA), a precursor of dopamine. Since dopamine has an important role in motivation-associated learning (Wise, 2004), it is possible to infer that absence of synthesis of vitamin C is contributing to the maintenance of optimum dopamine levels. Thus, lack of synthesis of vitamin C might have started providing an optimum internal milieu where continuous generation of learning-changes takes place followed by their reversal using oxygen explaining short duration of working memory. In other words, creation of a less reducing background state might have allowed reversal of IPLs by the release of oxygen following learning as evidenced by the occurrence of BOLD signals. Such an operational mechanism is suitable for learning very large number of associations from the environment and store only those associations that are either beneficial or deleterious for survival. 

Discussion

Golgi’s staining method and its modification by Cajal by using an additional oxidizing agent prior to the reaction with AgNO3 informs that background oxidation state determines the extent of spread of Golgi chemical reaction. This raises following questions for which answers are needed. 
a) How to verify the nature of inter-membrane interactions if any

IPL act like a switch that is turned on by displacement of hydration barrier between abutted spine membranes and turned off by the latter’s re-introduction. Studies using artificial membranes (Leikin et al., 1987) and structural studies of sodium channels (Lenaeus et al., 2017) allow inferring that IPLs span an area between 2 to 10 nm2. The substantially small area did not allow their accidental discovery during microstructural studies of neurons. Since IPLs can function fully by propagation of depolarization between the inter-LINKed spines even when their area is only a few square nanometers, and since most newly formed IPLs reverse back, focused search is necessary to detect their presence. Presence of IPLs can be verified by a) dedicated electrophysiological studies of depolarization spread between dendrites whose spines are abutted to each other, and b) structural studies using different colored dyes such as DiI that can be incorporated into the membranes of different neurons. To study how SNARE protein (see subsection f) can overcome high energy barrier between membranes, dedicated experiments (Oelkers et al., 2016) can be undertaken. 

b) What is the functional role for a gradient of redox states between dendrites and axonal terminals of a neuron?

Modified Golgi protocol stains mainly the dendrites of neurons. Under less oxidizing states there is decreasing staining pattern staring from axonal hillock region towards the presynaptic terminal terminals. This is evident from the reporting that staining of axons is absent after a short distance from the axonal hillock and results in the non-visibility of presynaptic terminals (Morecraft et al., 2014). It is possible to infer that there is a gradient of redox states of molecules between dendritic and axonal terminals, which may have an important testable functional role. 

c) Can oxidizing agents rescue the brain from anoxic injury?

[bookmark: _Hlk108522891]It was previously explained that under favorable conditions such as presence of fusion proteins, abnormalities in lipid membrane composition and conditions that cause excessive stimulation, there is a theoretical possibility for a spectrum of IPL structures that can progress towards IPL fusion (Vadakkan, 2016b). In reducing states caused by acute onset of anoxia, large number of non-specific IPLs is expected to form. Many of them are expected to lead to fusion between spine membranes at the locations of IPLs and cause mixing of cytoplasmic contents of neurons. Since mRNA profiles of adjacent neurons of even the same type are different (Kamme et al., 2003; Cembrowski et al., 2016; Tasic et al., 2018), it can lead to cellular changes that can cause death of neuronal cells. These changes can explain increased diffusion weighted imaging (DWI) signals indicative of cytotoxic damage occurring in anoxic brain injury (Gutierrez et al., 2010). In these contexts, it is possible to prevent damage due to acute anoxic conditions by exposing brain tissue to oxidizing agents. Even though oxygen inhalation is provided to patients admitted with acute anoxic conditions, it may become possible to reverse IPLs rapidly by intravenous administration of oxidizing agents. Some of the currently approved therapeutic agents can be used for this purpose. For example, it is possible to intravenously administer methylene blue used in the treatment of methemoglobinemia where methemoglobin level is greater than 30% or when there are symptoms despite oxygen therapy (Skold et al., 2011; British National Formulary, 2015). In addition, it will be possible to avoid all therapeutic agents that have reducing properties.

Conclusion

One general view is that theories guide one to decide what could be observed (Mazzarello, 2010; Daston and Galison, 2021). At the time of Golgi, there were two theories - reticular theory and cell theory. Golgi made his interpretations based on his findings, which are open for re-examination. Since Golgi was the person who initially developed the technique of staining, one can imagine that he would have done very large number of staining protocols even without oxidizing agents. Prevailing knowledge at the time of Golgi from the fields of a) chemistry (Szabadváry, 1966) that both K2Cr2O7 and OsO4 are oxidizing agents, and b) photography that AgNO3 can be reduced to black metallic silver might have provided valuable insight to Golgi to carry out large number of trial-and-error steps to arrive at a successful staining protocol. It was only when Golgi started using an oxidizing agent that the number of cells that stained decreased significantly to allow uninterrupted views of neurons. 

At this juncture one might ask, “Even though Golgi witnessed the effect of adding a second oxidizing agent by Cajal that limits staining to individual neuronal cells, why did Golgi remain firm about his view?” Golgi’s findings might have informed him that nerve cells are interconnected (or intimately interlaced) to form a diffuse web that provided a route for propagation of nerve impulses (Golgi, 1891). He might have decided to stay with his view due to the deep conviction that exposing brain tissue to a second oxidizing agent does not eliminate the formation of a route of chemical reaction between membranes under less oxidizing conditions. Golgi’s view allows one to make a reasonable assumption that inter-neuronal interactions occurring under certain specific oxidation states are structural features of the nervous system related to its functions, which can be subjected to verifications. Furthermore, one possible explanation for Golgi staining of distantly located neurons of the same neuronal order having overlapped dendritic trees (Golgi, 1885; figure in Mazzarello, 2007) is the lateral spread of Golgi chemical reaction through the IPLs.

Cell theory might have led to several questions in Cajal’s mind. Cajal might have thought that if the first oxidizing agent K2Cr2O7 has allowed observation of comparatively a smaller number of cells by some unknown mechanism, then addition of a second oxidizing agent may restrict spread of chemical reaction between individual neurons. This would have allowed Cajal to obtain his results. In summary, close examination of the findings made by Golgi and Cajal shows that there is a gradient of effects produced by exposing the brain tissue to increasing oxidation states. Present work stemmed from the necessity for an explanation for the spread of silver chromate along the cell membranes and a route for this spread. It is reasonable to infer that the effect of oxygenation states to reverse IPLs between neurons under physiological conditions is different from the effect of oxidation states on preventing the spread of Golgi staining reaction between the neurons in terms molecular changes and exact locations of changes. However, since both are expected to occur between laterally located neurons, inter-neuronal inter-spine interaction and a gradient of redox states between dendritic and axonal terminal are common themes. 

Present work re-examined previous findings by Golgi and Cajal for testing whether any relationship exist between them and a derived mechanism of nervous system functions that can explain generation of first-person inner sensations, namely the semblance hypothesis. It is noticed that neither Golgi nor Cajal referred K2Cr2O7 or OsO4 as oxidizing agents and were not discussing the role of tissue oxidation states in the extent of spread of chemical reaction. However, since both Golgi and Cajal referred to the chemical reaction as “reduced AgNO3 method”, one can assume that they knew about the nature of chemical reaction behind their staining methods. It is possible to construct a reason behind Golgi’s firm conviction about the reticular nature of neurons. Dedicated experiments to confirm the formation of oxidation state dependent channels between laterally located neurons can settle this controversy. 

Oxygen is primarily used for oxidative phosphorylation in the mitochondria for the synthesis of ATP from reducing equivalents formed from different pathways. Oxidation state-dependent changes explained in this work is a new testable function of oxygen. Since areas of brain such as hippocampus, cerebellum and cerebral cortex are very sensitive to hypoxia (Margeta and Perry, 2021), and since these locations are implicated in different brain functions, it highlights the importance of undertaking further studies about the functional role of oxygen. Given the current advances in chemistry, it is now possible to verify a) how Golgi chemical reaction can spread between neurons, particularly those that are present within the same neuronal order, b) inter-membrane route through which such spread occurs, c) whether such oxidation state dependent inter-membrane interaction is possible in vivo, and d) whether such interactions are related to any testable mechanism for the generation of internal sensation within the system. Potential methods that can be implemented to limit acute anoxic injury to the brain using currently approved therapeutic agents will be an additional motivation to verify testable inferences made by this work. It is hoped that verifying presence of oxidation state-dependent inter-neuronal connections provide information about a connectivity variable that guides operations of the brain (Bullock, 2003) and will reveal properties of the connectome. 
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