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Abstract: The small intestine is part of the gastrointestinal tract that facilitates further’breakdown of the meal, extracts
the nutrients, absorbs them efficiently and expels the left over remains of the digest. It helps in managing various
digestive processes that involve buffering of the chyme, mixing with'small intestinal,seeretions and bile, absorption
and transport. In general, the small intestine functions as a bioreactor in an efficient way by employing neurohormonal
means for regulating the digestive processes. Part of the regulatory functions involving eliciting motility patterns,
control of secretions and emptying of the bowels are locally mediated by the enteric reflexes, however the physiological
functions demanding homeostasis require the intervention of the central nervous system. In this review, we explore
the nature of regulating mechanisms that are managed partly by the Enteric Nervous System (ENS) as analogous to a
coprocessor and works in conjunction with the Central Nervous System (CNS), the primary processor to manage the
extensive task of digesting the meal.
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1. Introduction

The small intestine is the part of the digestive system that receives partially digested meal from the stomach via a
pyloric sphincter and empties the left over meal into the large intestine for further processing. The luminal contents of
the small intestine or the digesta, that has already been grounded and blended with the digestive enzymes under acidic
conditions in the stomach, is now'in the granular form. Further digestion is performed under alkaline condition where
the digestive enzymes-of the intestine,and pancreas, together with the biliary secretions (emulsification of fat) help
facilitate the digestion at the molecular level. Much of the digestion occurs in the long convoluted tube of the small
intestine that spans nearly|7 meters in length with nearly uniform cross-section of 2.5 cm diameter. They also act as a
mediator for,collecting nutrients fromrthe meal. The nutrients then enter into hepatic-portal circulation (esp. the superior
mesenteric vein) to thelliver, wherefrom they enter into systemic circulation. The rich supply of blood ensures that these
nutrients are transferred to the cells to perform their physiological function.
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2. Role of mechanics in digestion

The small intestine comprises of the uppermost part known as the duodenum (~25 cm in length), followed by the
adjacent segments known as the jejunum and the ileum. These segments play their role in digestion that is remarkably
different from each other. Studies relevant to the mechanophysiology of the small intestinal segments are rare. It
can, however, be generalized that the small intestinal segment participates in digestion by eliciting smooth muscle
contractions (small intestinal motility) which leads to generation of mechanical forces, local to the segment, sufficient
enough to develop flows in the lumen [1]. The nature of flows developed in the lumen directly related to the nature of
motility or motility patterns elicited by the small intestine. In other words, depending on the motility patterns elicited,
the shearing of the luminal contents take place which are responsible to cause mixing and shearing of the contents [2].
Not all the contraction causes mixing, specific motility pattern also helps to propel the contents aborally so further
processing can take place in the lower segments of the small intestine.

According to the in silico model of the Antro-Pyloro-Duodenal (APD) segment, as proposed by the author [3], is
a dynamic segment of the gut that coordinate with each other, preferably via enteric reflexes, to develop various kinds
of the motility to perform their specific physiological function of mixing and transpert. Clinical studies demonstrate the
need for segmental contractions to facilitate the process of fat emulsification by the biliary secretions. Coordination of
the muscular contractions of the antrum, pyloris and the duodenum is critical in'regulating the flow across the pylorus
(gastric emptying or duodenogastric reflux); otherwise may lead to excessive flow of toxic chemical of the biliary
secretions into the stomach that is detrimental to mucosal barrier and gastric mucosa [1, 4]. Contractions of the duodenal
muscles also serve the purpose of buffering the acidic chyme (gastric digesta), preferably through segmentation. The
segmentation (motility patterns characterized by multiple numbers of wavesicontracting over the segment) helps to
develop flow patterns to facilitate the process of mixing the/contents and replenishing the fluid near the mucosa with
fresh contents; thus increasing fluid contact with the walls of the small intestine. The numerous folds in the small
intestine provide a multi-fold increase in its surface area so as to allow for efficient absorption of the nutrients. In
addition to this, there also exist numerous folds on the-epithelial cell known as microvilli (protrusions of the epithelial
cell) that create tiny pockets and increase the contact between the cells and chyme. The folds in the small intestinal
walls comprises of three types-folds of the mucosal wall (plicae);finger like projection (villi) and brush border on apex
of the cells (microvilli). These three components altogether increase the net effective surface area of contact with the
luminal contents by approximately 600 fold. Such extremely-higher surface area of contact allows for increased rate of
digestion and absorption at the surface, which otherwise may affect the rate of delivery of the energy rich nutrients to
the body. Thus, suggesting that the,entire structure,of the small intestine is optimized for the purpose of absorption of
nutrients. By the time the nutrient rich contents have passed through the long segment small intestine (esp. the jejunum),
about 90% of all available nutrients have been absorbed into the body. The ileum is responsible for absorption of the
vitamin B12, bile salts and the leftrover nutrientssunabsorbed during the jejuna transit. The structured organized of the
small intestine into duodenum, jejunum and ileum allows for differential treatment of the contents as they move along
the segment. Whereas the duodenum helps/in buffering the chyme (gastic content entering into the duodenum) and pre-
processing the chyme for further digestions the jejunum is responsible for maximal absorption. While ileum also absorbs
the nutrients that are left over, their absorptive function is secondary and participates in post-processing of the meal
and immuné response (ileum has abundant Peyer’s patches). The ileocecal junction interconnecting the small and large
intestinesacts,as a sphincter and prevents reflux of large intestinal contents (rich in bacteria) into the small intestine [5].

3. Eliciting optimalmotor patterns

Coordinated contractions of the smooth muscle fibers of the circular and longitudinal layers is necessary for
optimal contractility (for optimal digestion) and optimizing the energy spend on developing small intestinal motility
patterns for the purpose of digestion. Whereas the circular fibers contract to close the lumen, the longitudinal fibers
shorten the segment axially to concentrate more circular fibers to help reduce the tensile force per unit length of the
circular muscle fiber during rigorous contraction [6-7]. Such mechanical advantage is utilized during the pumping of
highly viscous fluid and dilatants (shear thickening fluid) during course of highly occlusive peristalsis [2].
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Eliciting motor patterns in the small intestine are governed by the complex network of neurons which are referred
to as the enteric circuit [8]. Depending on the state of the digestive system, the neuro-hormonal circuits (enteric nervous
system and the central nervous system in coordination with the hormones) initiates the complex task of digestion by
eliciting appropriate motor patterns.

Whether to initiate the digestive or the inter-digestive motility patterns is determined by the vagus. The
interdigestive patterns, collectively known as the Migrating Myoelectric Complex (MMC), comprises of various phases
which repeats periodically every 80-110 min in humans [9-10]. They essentially are the home-keepers of the gut which
expels out any undigested matter left over after digestion. The borborymus sounds in abdomen are due to strong MMC
contractions; noise arising from the movement of the gas-liquid mixture through the bowels. They occur in synonymous
with peak hormonal concentration of motilin.

With ingestion of meal, the vago-vagal reflex switches the inter-digestive motility patterns (characterized by those
having MMC phases-quiescent, regular and irregular phases) to fed state pattern. Studies inyolving vagal blockade (vagal
cooling or vagotomy) were found to abolish the coordination in motility patterns between the antrum and the pylorus
and abolishes the occurrence of spontaneous and ghrelin-induced gastric phase IlI-like contractions,/suggesting that
gastric phase IlI-like contractions are mediated by vagal cholinergic pathways [11-12]. The shift in the nature of motility
patterns to fed-state (regular contractions having frequency characteristics of thé slow waves local to the segment) is
an adaptation to process the meal that may be fluid-like or semi-solid. According to/Takahashi [13-14], the vago-vagal
reflex mechanism involves the following sequence of step-firstly, release of motilin (a gut hormone involved in motility
control) from the duodenal mucosa, stimulation of the Enterochromaffin Cells (EC) to release 5-Hydroxytryptamine
(5-HT), followed by the activation of the 5-HT receptors of the vagal afferents; transfer of this information via neural
transmission to nuclei center (nucleus tractus solitaries, NTS; and dersal motor nueleus of vagus, DMV) of the brain
stem, and finally leading to the generation of activation of the eftéerent neurons leading to smooth muscle contractions
of the small intestinal muscles (muscularis externa). Such a feedback mechanism essentially helps in determining as to
whether elicit the MMC phase III type motility pattern or not to elicit:

Motility patterns are fine tuned to the type of meal ingested; non-nutrient liquid meal show no prominent motility
signatures, while meal containing fat triggers the enteri¢ reflexesito suppress the pyloric sphincter so as to reduce the
rate of inflow of nutrient rich meal into the duodenum. The reflex mechanisms are tightly regulated to ensure reliable
digestion; otherwise may lead to problems of dumping syndrome (rapid gastric emptying) or gastroparesis (slow gastric
emptying). Gastric emptying that is rate-limited by the intestinal eapacity to process the meal (3 kcal/min) proceeds over

duration of 1-2 hours after a meal; solid food shows latency time to gastric emptying by approximately > an hour, the
time required to ground the meal. While'the/digestion involving both chemical and mechanical process occurs in unison
throughout the small intestine, absorption of the nutrients is also simultaneous. The process is rather slowest, since the
chemical kinetics of reactions and rate of absorption are slow. The average transit time for the bolus to pass the human
small intestine is around 3-4 hours; varies with meal type.

The control dynamics of digestionss majorly driven by the motility patterns which in turn are controlled in part
by ENS, CNS and the hormones. Control of the gut function is established through feedback regulation mediated
by the sensors. Thererare approximately. 20°types of enteric neurons [15-18] which function as a sensory neuron
(Intrinsic Primary Afferent Neurons or TPANs), interneurons and motor neurons. IPANs play a key role in sensing
the physiological state of the gut such as_the tension in the wall and chemical nature of the luminal contents. Based
on the nature of stimuli detected by IPANs, specific enteric reflex circuits are activated to elicit appropriate motility
patterns. They do so by€ontrolling the activity of the excitatory and the inhibitory neurons which controls the smooth
muscle activity. While the excitatory neuron helps in contracting the smooth muscle, the inhibitory neuron on the other
hand suppresses the smooth mus¢le contraction. These neurons use different neurotransmitters to ensure separation of
the physiological functions. In general, the excitatory neurons uses acetylcholine and tachykinins and the inhibitory
neurons uses nitric oxide, Vasoactive Intestinal Peptide (VIP) and ATP as modes of neurotransmission. Generation of
peristalsis requires activation of the peristalsis reflexes (medicated by local enteric reflexes), and generation of various
motility patterns for mixing and propulsion. Similarly, coordination among the muscle layers (circular and longitudinal
muscle layer) also play key role in peristaltic pumping [7]. The biomechanical studies show that such coordination
help the muscle to contract in way to optimize the power requirement of peristalsis pumping of the luminal contents,
esp. in causation of flow patterns for mixing or transport [2, 6, 19]. Although the reflexes involved in conferring such
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coordination remains unclear [20-21], clinical studies also support the concept of muscular coordination [7] suggesting
the existence of reflex mechanism. Besides the small intestinal muscles, the enteric reflexes also help regulate the

secretion of the mucosal cells and vasodilation.

4. Coprocessor-processor paradigm

The enteric nervous system forms the intrinsic nervous system of the gastrointestinal tract which regulates various
physiological processes of digestion. In terms of computer engineering, we may felate ENS to as the coprocessor of
the computer (for example 8087, the math co-processor) that is destined to supplement the functions of the primary
processor (8086 microprocessor) or CPU (analogous to CNS in gut) independently; without the involvement of the CPU
(Figure 1) [22]. Numerous parallels can be drawn about the enteric circuits with the architecture of a computer. We
believe that the nervous system also shares their obligation of digestion between the ENS and CNS. The ENS manages
the lower level control of digestion through entero-enteric reflexes.
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Figure 1. The processor-coprocessor paradigm model of the small intestine (bottom panel) compared to microcomputer system based on 8086
microprocessor (top panel). The 8086 microprocessor use control and data bus (group of interconnecting wires) for communicating with 8087 math
coprocessor (supplements the functions of the processor by performing floating point arithmetic operations). As a counterpart, the communication is
facilitated via neural pathways (vagal and splanchnic) in CNS-ENS system. The peripherals (externally connected devices such as mouse, keyboard
and joystick) communicate to the 8086 microprocessor via control and data bus. While in contrast, the end effecters (such as muscle of the intestine
and secretory cells of the mucosa) directly communicate to the ENS through nerve fibers (afferent and efferent). Note: Control of peripherals is
directly mediated by the 8086 while in the small intestine the peripheral control is mediated by the ENS
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Functions that are independently managed by the ENS are as follows:

1. collecting information about the meal composition and rheology of the contents [22-24].

2. regulating duodeno-biliary-pancreatic secretions (locally mediated) [25-26].

3. controlling small intestinal motility thorough enteric reflexes [27-28].

4. managing short and long reflexes: peristalsis reflex, gastrocolic reflex (such as the distention of the stomach
causes evacuation of the colon), and the enterogastric reflex (such as the distention of the small intestine reduces the
gastric motilty) [29].

Whereas the details relevant to the energy demands of the body are unknown to the ENS, the CNS shares this
obligation to ensure efficient supply to the cells by assessing the energy requirementsiof the body and manifesting
through gut-brain axis (bidirectional link between the ENS and CNS). They employ/two divisions of the autonomic
nervous system, namely the sympathetic and parasympathetic which exercises their influence over. the motility pattern
in a counteractive manner to help regulate the physiological function of the body as a whole. The enteric.neryous system
communicates with the central nervous system through the parasympathetic (such as the vagus nerve) and sympathetic
(such as the prevertebral ganglia) nervous systems [30]. They relay the details of the sensory and motor signals between
the ENS & CNS through this channel of communication. Managing functions at thedlevel,of central nervous system are
distributed among discrete cell bodies organized as dorsal vagal complex which is located in the dorsomedial hindbrain
medulla [31]. It comprises of Dorsal Motor nucleus of the Vagus (DMV; containg/preganglionic nerves that supply
smooth muscle of the esophagus and the rest of the gut), and Nucleus, Tractus Solitarius (NTS; receives the sensory
input from the viscera, act as a major relay center).

The CNS in coordination with the ENS helps manage the digestive process'during yarious circumstances by,

. inducing cephalic phase upon antipatory responses of meal ingestion [32].
. modulation of duodeno-biliary-pancreatic secretions [33].

. changing the small intestinal motility patterns [34].

. regulating the appetite [35].

. mediating symptoms of nausea and vomiting [36].

. controlling via emotional and cognitive centers of the brain:

Control of intestinal secretions has significance in digestion. Since:mixing and transport form an integral part of the
digestion, rheological nature of the digesta has to betuned suitable for easy mixing and transit. The intestinal muscosa
secretes mucous that allows for lubrication and protection from toxic chemicals and acid (such as in duodenum).
Lubrication provides necessary slippage as a wave of contraction traverses the small intestinal segment; which otherwise
may develop higher friction to resist the movement of digesta causing wearing of the mucosal layer. The slippage
of the luminal contents helps in the development of the flow patterns for the purpose of mixing and transport. Easier
the slippage, the fluid are subjected to wall momentumywhich helps in moving the fluid freely to cause the generation
of circulating flows. Otherwise, the flows,developedimay not be efficient in mixing the contents. The motor neurons
of the enteric nervous system manage the process of secretory control via submucosal plexus (part of the ENS). The
process is governed by the enteric networks, where secretin (one of the gut hormone) released in response to acid in the
duodenum, in synergy with activity of cholinergic and non-cholinergic enteric neurons helps to stimulate the pancreas
and bile ducts to release their secretions (alkaline fluid) which in turn neutralizes the acid.

AN N DW=

5. Conclusion

We conclude that small intestinal digestion is complex and involves participation of neuro-hormonal cues. The
intelligence to digestion is mediated by the enteric and central nervous system that helps initiate various events for the
preparation of digestion and the digestion. While preparation of digestion involves secretion of the digestive juice into
the small intestinal lumen, digestion is initiated by the motion of fluids in the lumen that are developed by contractions
of the smooth muscle fibers of the small intestine. Whether to digest to a lesser or greater extent is decided by the nature
of food and the digestive demand. The small intestine employs a network of sensors (pH, protein, fat) to regulate the
digestion via feedback. A coprocessor-processor paradigm model of the small intestine may provide insights into the
pathophysiology of the system and in devising better therapeutics for managing patients with digestive disorders.
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