Umami, a taste unto itself


It is a common belief regarding taste that there are a limited number of fundamental qualities--sweet, sour, bitter, salty, and umami.  The notion of a limited number of basic tastes stems from antiquity.  Aristotle summarized the common beliefs of the day regarding taste qualities in his treatise on natural philosophy, De Sensu.  He described 7 basic tastes.  Sweet and bitter formed the polar extremes.  Salty was close to bitter.  Additional tastes included harsh, pungent, astringent, and acid (sour). Further, Democritus, a contemporary of Socrates, concluded that the “atoms” that gave rise to these different qualities had characteristic shapes and consequently had different physical actions on the tongue.  For instance, sweet tastes were smooth and round.  Bitter tastes were rough and jagged.  This was remarkably prescient insofar as scientists have recently been able to identify and actually view “binding pockets” in receptor molecules, into which taste molecules insert.  I will discuss more about receptor molecules later.

Umami describes a taste that has been an element in oriental cuisines for centuries, stemming from certain additives such as dried seaweed or bonito flakes that impart a rich, full, savory flavor to cooked foods.  The notion that umami is an independent taste quality equal to sweet, sour, bitter and salty received a stong impetus in 1909 when a Japanese scientist, Kikunae Ikeda, reported that a simple amino acid, l-glutamate, isolated from dried seaweed, a popular flavoring, and identified it as the active ingredient that gives rise to umami.   In the following decades, the nature of umami as a fundamental taste quality was hotly debated in academic conferences and research publications, with the alternative viewpoint being that umami was simply a synthesis of other fundamental qualities such as salty and sweet.


Whether umami is a fundamental independent taste quality is an important question because it bears on how gustatory sensory organs respond to sapid stimuli and how the sensory structures are organized to process the data.  It is believed that each fundamental quality must have a separate cellular or molecular mechanism underlying that sensation.  Thus, if umami were merely a synthesis of other qualities, there would be no reason to search for its underlying molecular mechanisms and instead, one should focus on those other qualities.  These are the sorts of arguments that occupied taste researchers interested in umami until 2000.

In 2000, a major breakthrough was made that definitely answered whether umami was a fundamental taste quality.  Researchers working in Nirupa Chaudhari’s laboratory at the University of Miami Medical School identified a possible molecular mechanism to explain umami taste.   They discovered a receptor molecule that was synthesized by taste sensory cells and that interacted with glutamate in a manner consistent with umami taste.  Shortly after, other laboratories, headed by Nicholas Ryba at NIH and Charles Zuker at UC San Diego identified other receptor molecules for amino acids, including glutamate, that were key to umami taste.  These findings put an end to all debate over whether umami was a fundamental taste quality, and attention was focused on characterizing the umami taste receptor molecules.
Taste buds, taste cells, and the sensory organs of taste


Before proceeding further, it is important to describe how tastes, generally, are sensed.  Chemical compounds in foodstuffs (salts, sugars, proteins, amino acids, etc.) are dissolved in saliva and interact and aqueous solutions with peripheral sensory organs—taste buds-- distributed throughout the oral cavity.  The highest density of taste buds is present on the tongue surface where they are embedded in the lingual epithelium, but there are also collections of taste bud in the epithelium lining the soft palate, the epiglottis, and even the upper esophagus.  In all, there may be about 5000 taste buds on average, although there is a population of individuals, so called super-tasters, who have a much higher density of taste buds, especially on the anterior tongue (Bartoshuk).  These individuals are more sensitive to taste stimuli and can perceive tastes at lower concentrations than the average person.  Super-tasters form about 25% of the population, and this characteristic is genetically determined.

Each taste bud is a tightly packed collection of 50 to 100 elongate cells that form a structure resembling a clove of garlic.  The apical tips of the taste bud cells protrude into a minute opening into the lingual surface, the taste pore, and it is here where the dissolved chemicals act to initiate taste sensations.  For the most part, chemical stimuli do not advance past the apical tips of the cells and do not gain access to deeper structures in the tongue.  The taste bud and surrounding epithelia are impermeant to most taste stimuli.  Exceptions include sodium ions, which stimulate salty taste.

An individual taste bud is known to respond to more than one quality.  A taste bud is not dedicated to sweet, or sour, or bitter etc.  Furthermore, there is no “map” of taste or taste buds such that taste buds in the front of the tongue sense sweet and those in the back sense bitter.  The flawed argument of tongue maps stems from the faulty translation of an early German scientific publication.  Lastly, it is arguable whether individual cells within taste buds respond to multiple qualities.  Physiological recordings from single taste cells, using patch microelectrodes or calcium imaging, indicate that this is indeed the case, but molecular biological studies have suggested else wise.  


Certain of the cells in the taste bud are primary sensory cells and when they are stimulated, they convey their signal across a cellular junction (synapse) to the underlying sensory afferent axons, the pathways that lead to the brain.  Nerve bundles travel first to the hindbrain, where they the gustatory signals to neurons there in the nucleus of the solitary tract.  Those neurons, in turn, send axons to the brain stem (thalamus) which distributes the signals to the overlying gustatory primary sensory cortex.  Importantly, information from the gustatory primary sensory cortex is next sent to the orbital frontal cortex which also receives input from the primary olfactory cortical regions.  The orbital frontal cortex may be a key site where perceptions are generated regarding food, or “flavors” are formed.  It is well understood that there is an intimate relationship between taste and smell, and it may well be here in the orbitofrontal cortex where such relationships are solidified on a neuronal basis.  It would be of interest to learn whether individuals who have suffered lesions in this area of the brain have difficulties recognizing flavors.  There are few studies examining this question.
Umami taste transduction
The conversion of a chemical taste stimulus (such as glutamate) into an intracellular response within the gustatory sensory cell is termed transduction.  
Returning to the biological activities of the gustatory sensory cell, it is important to understand that the initial event in taste transduction consists of the interaction of a tastant (a sapid chemical) with a molecular receptor embedded in the apical, chemosensory tip of the gustatory sensory cell.  Receptors for bitter, sweet, and umami have been cloned and characterized.  Less is known about receptors for sour (acid) and salty tastes.  The taste receptors for umami are G protein-coupled receptors (GPCRs).  The best evidence to date suggests that there may be several GPCRs for umami.  Among them, in order of their published reports, are (1) a modified metabotropic glutamate receptor, subtype 4 (mGluR4), having a truncated extracellular N-terminus, (2) a heterodimer consisting of T1R1 plus T1R3, two of the three so-called T1 (taste, family 1) receptors; and (3) a modified (N terminal truncated) form of metabotropic glutamate receptor, subtype 1 (mGluR1).  Heterologous expression of all of these receptors in non-taste cells (namely, HEK293 and CHO) has yielded cells that “sense” umami taste compounds (glutamate, other amino acids).  Further, genetic knockout of T1R1 or T1R3 expression in mice produces an animal that does not respond behaviorally to amino acids, including glutamate, strongly supporting the notion that these molecules form an umami receptor.  Comparable genetic mutation experiments with the metabotropic glutamate receptors is complicated by the fact that mGluR1 and mGluR4 are synaptic transmitter receptors involved in central processing of taste information.  Thus, knocking out these genes would not only affect peripheral gustatory reception but also might alter central pathways involved in the perception and behavioral responses to umami tastants.  Indeed, mGluR4 knockout mice do manifest altered behavioral responses to umami taste, but, as explained, this cannot be used to support or refute the hypothesis that mGluR4 is an umami gustatory receptor.  Knockout studies of any of the proposed umami receptors, though providing impressive results in some cases, are also flawed by the fact that the findings can only show the necessity, but not the sufficiency, of any one gene product.  If removing a protein from the cascade of molecular interactions eliminates a particular taste behavior, this can say little about what other molecules may also be involved.
What is known about the molecular receptors for umami, however, is that the physiological responses of taste cells when stimulated by glutamate do not completely match the characteristics of any single one of the aforementioned umami receptors.   This suggests that combinations of these receptors, and possibly the involvement of yet-undiscovered receptors, underlie a full explanation of the initial events of umami taste reception.
The intracellular events downstream of the umami taste receptor and that lead to excitation of primary sensory afferent fibers are partially understood.   We now know that ligand binding to the umami receptor frees G protein βγ subunits.  These subunits activate an intracellular membrane-bound enzyme, phospholipase C2.  This enzyme in turn cleaves PIP2 into IP3 and diacylglycerol.  IP3 is a diffusible messenger that migrates through the cytosol to intracellular caches of calcium, typically endoplasmic reticulum.  IP3 acts on its own receptors there to initiate the release of Ca into the cytoplasm.  This flush of intracellular calcium may be the trigger for transmitter release. 

Other pathways involving the G protein ( subunit and cAMP degradation may also be involved, but the link to eventual transmitter release is not established.

The transmitter released by gustatory sensory cells is not known with certainty, but ATP and serotonin appear to be the leading candidates.  ATP-sensitive postsynaptic axons innervate taste buds and provide a connection between the peripheral sensory organs and neurons in the hindbrain, mentioned above.
Unanswered questions about umami taste

The above survey of umami taste makes it clear that there are several unknowns and uncertainties.  Principal among these are (1) what is the complete identity of the umami taste receptors?  None of the proposed receptors appears to fully explain umami taste responses in taste cells.  (2) how is neurotransmitter release triggered from taste cells stimulated with umami tastants?  Unconventional synaptic release mechanisms appear to operate and little is known about them.  (3) what is/are the neurotransmitter(s) that taste bud cells release?  ATP and serotonin have been mentioned, but are there others?  (4) Finally, what is the coding for umami taste in the central nervous system?  Are there specific gustatory sensory cells that are “tuned” to umami tastants and convey this information along segregated axons to specific clusters of umami-responding central neurons (the notion of “labeled line”)? Or, is there some more complex activation of groups of less finely tuned gustatory sensory cells that project to the central nervous system, and information is encoded as the pattern of activation of larger groups of central neurons (the notion of combinatorial coding)?  These and other questions are currently being intensely investigated in laboratories world-wide.
