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 Abstract
State of the art diagnosis of mental illness is controversial. There are no biological markers for diagnosing any mental illness. The Membrane Potential 
Ratio (MPR) offers hope to be the first biological marker that could be used for both diagnosis and monitoring the treatment response. The Membrane 
Potential Ratio (MPR) is the ratio of the membrane potential of whole blood cells in a test buffer to that in a reference buffer. MPR is lower for bipolar 
disorder (BD) patients when compared to that of a group of ADHD patients. Others with and without mental illness are classified as Negatives. The 
MPR values for Negatives fall between BDs and ADHDs. The MPR responds readily to successful treatments. This result could be used to monitor 
the progress of treated patients. In addition, the medication response characteristics of the MPR serve as a self-validation for the MPR test itself. The 
cause of these effects observed in RBCs is explained by the diacylglycerol (DAG) pathway modulating human small conductance potassium channels 
(hSK). Since the hSK family is widely distributed in neurons, the differences observed in RBCs among BDs, ADHDs and Negatives are explained 
by this finding. Some of the clinical observations can also be explained by this pathway. Furthermore, this pathway leads to new drugs development 
for these illnesses. The signaling pathway leads to an understanding of the disorders from neurotransmitter signaling to the excitability of neurons.
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Background

Diagnosis of mental illness is controversial [1, 2, and 3]. 
According to Herchfeld et al [4] on diagnosing Bipolar 
Disorder, “69% were misdiagnosed, with the most frequent 
misdiagnosis being Unipolar Depression. Those who were 
misdiagnosed consulted a mean of 4 physicians prior to 
receiving the correct diagnosis. Over one third waited 10 years 
or more before receiving an accurate diagnosis.” ADHD and 
BD were often misdiagnosed leading to the over diagnosis 
of BD [5, 6]. The inadequacy of symptoms based diagnosis 
is acknowledged by almost everyone. So far, no successful 
biological marker for any of these illnesses has been identified. 
There has been an acute need for a blood test that could be used 
by mental health professionals as an adjunctive aid in their 
clinical practice. Na, K-ATPase hypothesis for the mechanism 
of BD was suggested by Singh [7]. Several attempts were 
made with little success to establish the idea that the ionic 
imbalances in the cell (including Na+, K+, and Ca2+) caused 
the BD symptoms [8,9]. Many unsuccessful efforts were made 
to link the Na, K- ATPase activity in the blood cells to BD 
[10,11]. El Mallakh et al (1996) found that the MP of white 
blood cells of hospitalized patients was significantly different 
from euthymic patients and matched controls [12]. They 
tried to reproduce these results in immortalized lymphoblasts 
without success [13, 14]. Thiruvengadam independently 
advanced the lithium depolarization hypothesis [15]. In this 
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paper he explored the idea that the cells of symptomatic 
BDs were hyperpolarized and lithium depolarized the MP in 
euthymic BDs. The hypothesis was that the hyperpolarization 
and depolarization are the possible mechanisms of lithium 
action in its successful mood stabilizing effectiveness. He also 
pointed out that the K+ gradients are very important in MP. 
Thiruvengadam became intrigued by the role of MP in BD. 

This led to his use of electrical equivalent circuits to calculate 
the response of MP to electrical properties of the membranes 
[16]. He formulated the concept of excitability, consisting of 
the electrical properties of excitable membranes including 
resistance, capacitance and inductance. He used this analysis 
to demonstrate the link between epilepsy and mania. He also 
estimated the rate of neurotransmitter release as a function 
of excitability and explored the idea of how lithium could 
reduce the resistance of the membrane thereby reducing 
the excitability. Reduction in excitability would reduce 
the action potentials. He cited experiments verifying these 
ideas. Thiruvengadam further explored the role of membrane 
potentials in BD. For this purpose, he developed the Membrane 
Potential Ratio (MPR) using immortalized lymphoblasts and 
used the patients’ whole blood samples to establish that the 
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euthymic patients was depolarized and was closer to controls. 
Around the same time, Thiruvengadam [15] independently 
calculated the effect of lithium on MP using the Goldman-
Hodgkin-Katz equation for multiple ions and found that the 
lithium should depolarize the MP. Based on this analysis, 
Thiruvengadam pointed out the importance of potassium 
gradient on MP. (The reviewer’s of this paper suggested 
the work of El Mallakh et al. to Thiruvengadam). This led 
Thiruvengadam to further explore the role of Li+ in BD. 
Yonemura and Sato [22] showed that the resting membrane 
potentials in frog muscle fibers, immersed in Li Ringer solution, 
would depolarize in a few hours. Grafe et al. [23] found that 
Li depolarized the membrane of the frog spinal cord motor 
neurons. Adam-Vizi et al. [24] confirmed this result using rat 
cortex slices. These results led Thiruvengadam to propose a 
hypothesis that lithium works in BD patients by depolarizing 
the MP [15]. The role of MP in mania and depression was 
explored by the use of equivalent electrical circuits which led 
to the discovery of the excitability of the neurons [16]. 

What is Excitability?

Excitability has several meanings in different contexts. In 
psychiatry and psychology, it means irritability, excitableness, 
volatility, emotionalism, emotionality and boiling point. It also 
means nervousness, stress, tension, high spirits, restlessness, 
restiveness and hot-headedness. In electrophysiology neurons 
are electrically excitable cells. In ion channel studies, it is 
a qualitative indication of the frequency and output voltage 
when ion channels are excited by a voltage. What is the link 
between MP and excitability? What is the connection between 
psychiatric excitability and neuronal excitability? How do 
we measure excitability in excitable membranes? What are 
the parameters that control the excitability? These are the 
questions that need to be answered for an understanding of the 
role of MP in mental illness.

The membrane potentials discussed above are measured when 
the cells are at rest. That is why they are sometimes called the 
resting potentials. However, the electrically active cells, such as 
neurons, communicate through electrical signals. Since these 
signals are time varying, it is common practice in neuroscience 
to use equivalent electrical circuits for studying the currents 
in the membrane [25]. When the current and the voltage vary 
with time, as is the case with action potentials in excitable 
membranes, only alternating current (AC) circuits must be 
used. Hodgkin and Huxley [26] used the AC circuit in which 
the resistance (R) and the capacitance (C) are parallel to each 
other. Cole [27] used the AC circuit in which an inductance 
(L) is added in series with the resistance. The capacitance is 
parallel to both of them. The reason for adding the inductance 
was that Cole consistently measured the inductance in all of 
his measurements and he could not ignore it. The above two 
AC circuits are special cases of a class of circuits known as 
parallel antiresonant AC circuits [28, 29]. The basic circuit 
among this class of circuits incorporates the resistance, the 
inductance and the capacitance (all parallel to each other). The 

MPR was significantly different between BD and Negatives 
[17]. The group with and without any other mental illness are 
classified as “Negatives”. This led to the development of a 
diagnostic marker through the extensive clinical trials over a 
period of 20 years. During these trials, Thiruvengadam [18, 
19, 20] discovered that the MPR values for ADHD were 
significantly different from those for Negatives and BDs. 
Further Thiruvengadam and Woodruff established that the 
MPR responded to the successful treatment of the patients 
through appropriate medications. The medication response of 
MPR gave further credence to the validity of the MPR test 
itself. Goodwin and Jamison [21] in their landmark book call 
for the urgent need “to compare a biological measure during 
the illness with the same measure in recovered state since it 
permits longitudinal studies that can circumvent the problem 
of variability among individuals. This approach could lead to 
the ultimate question of causality”. MPR serves that purpose.

This paper summarizes these recent developments. First, 
the question of whether the patient had BD (especially 
children without prior history) was answered. This is an 
important question that significantly affects treatment 
options (antidepressants, mood stabilizers or stimulants) and 
subsequent medication risks. Second, the definitive test result 
indicating a diagnosis of BD and ADHD gave the patients more 
incentive to accept the diagnosis without feeling stigmatized. 
Malingering by adolescents and young adults looking for 
stimulants may be discouraged by a blood test. 

Membrane Potential 

Most biological cells are enclosed by a semi-permeable lipid 
bilayer which is electrically charged. The electrical voltage 
across the membrane is called the membrane potential (MP). 
This potential arises from the ionic gradients between the 
interior concentration of ions and the exterior concentration 
of ions. These ions include sodium (Na+), potassium (K+), 
calcium Ca2+ and chlorine (Cl-). Each ion has a specific channel 
which regulates that ion concentration within the cell. In 
addition, there is an enzyme called Na, K- ATPase, also known 
as Na pump which maintains the Na+ gradient and the K+ 
gradient. The K+ gradient is the primary factor controlling the 
membrane potential because the K+ permeability is about two 
orders of magnitude greater than the Na+ permeability. Thus 
the membrane potential is maintained within the physiological 
range by the coordinated action of the K+ channel and the Na 
Pump. Normally the membrane potential in healthy cells is 
around -70 mV. Sometimes it is said to be hyperpolarized if 
the membrane potential is less than the normal range (in the 
range of -80 mV). If it is more than the normal range (-60 mV) 
it is depolarized. 

El Mallakh et al. [12] measured the MP of white blood cells 
drawn from the blood of hospitalized BD patients, euthymic 
patients on lithium (Li) and matched non- psychiatric controls. 
They found that the MP of hospitalized BD patients was 
hyperpolarized compared to the controls. The MP of cells from 
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response of these circuits to a train of input signals generated 
in the neuron can be analyzed using the electrical circuit theory 
[16]. From this analysis it can be shown that the excitability of 
the membrane is given by the following equation:

 L
CREx

2

=
 

Where Ex = Excitability

R = Resistance

C = Capacitance

And L = Inductance.

Thiruvengadam [16] showed that the available clinical data 
suggest that the basic circuit represents the human neurons. 
Electrical signals produced in the neurons are amplified as 
action potentials and transmitted through the axon to its 
terminal called the synapse. These action potentials trigger 
the biochemical reactions responsible for the release of 
vesicles containing the neurotransmitters. An understanding 
of the release rates comes from the analysis of electrical 
circuits such as the basic circuit. The relative action potentials 
decrease with increasing relative frequencies up to a value 
of one and then increase with increasing relative frequencies 
[16]. The relative action potential is a measure of how 
much the input signal is amplified. The relative frequency 
is the ratio of the frequency at which that particular action 
potential is transmitted to the synapse of the neuron. Analysis 
of published clinical EEG data shows that the resonant 
frequency is about 15 cycles per second in humans [30]. 
 
The clinical EEG data from epileptic patients show that the 
excitabilities can be as high as 1000 in epileptic patients. The 
excitability is in the range of one in babies suggesting that the 
excitability for normal adults would be in the same range [31]. 
The evidence for mania comes from the fact that the addition 
of lithium decreases the membrane resistance which in turn 
decreases the excitability as discussed above. The decrease in 
resistance would decrease the excitability thereby decreasing 
the action potentials. Grafe et al [23] found that the action 
potentials in frog spinal cord neurons were reduced during 
lithium treatment. Ulrich et al. [32] noticed that the EEG 
amplitudes in normal volunteers decreased after ten days of 
lithium treatment. This is perhaps the mechanism by which 
lithium mediates the mania and stabilizes the mood. The 
additional evidence comes from the fact that some effective 
mood stabilizers are also anticonvulsants. Specifically, 
Neaverson et al. [33], Wood et al. [34] and Cherry and Swann 
[35] reported that the Na, K-ATPase activity was normalized 
during lithium therapy. 

Although these data indirectly support the present analysis, 
it would be useful to collect direct experimental evidence 
connecting excitability and lithium effects as was done by 
Marten et al [36] and Stern et al [37]. EEG frequency ranges 

and their corresponding amplitude ranges in the study of 
brain waves further support this analysis. For example, the 
lowest frequency delta waves have the highest amplitudes 
whereas the highest frequency beta waves have the lowest 
amplitudes. Theta and alpha waves occur in the middle ranges 
of frequencies and amplitudes. This again validates the basic 
circuit.

Excitability and the Rate of Release of Vesicles

Katz [38] showed that the voltage pulses (action potentials) 
arriving at the axon terminal trigger the release of vesicles 
containing neurotransmitters. He used several statistical 
methods to calculate the probability of release of these 
vesicles (see also Kandel [39]). It is useful to demonstrate 
how excitability is related to the rate of release of vesicles. 
Since the excitability controls the action potentials at a given 
frequency [16], the excitability and the vesicles release rate are 
related to each other through one of the statistical distributions 
such as the Poisson distribution as shown below:

  xEeNN
1

max
−

=

Where N = Number of vesicles released per unit time,

N max = Maximum possible number released per unit time

And Ex = Excitability.

A plot of the relative rate of release as a function of the 
excitability shows that the relative rate decreases slowly 
with decreasing excitability and then decreases rapidly 
at excitabilities less than 10 [16]. This result supports the 
prevailing view that the excessive release of neurotransmitters 
leads to seizures and the lack of sufficient release rates lead to 
depression. The role of anticonvulsants in both epilepsy and 
BD can easily be seen from this result. The anticonvulsants 
lower the excitability both in mania and in seizures. The 
threshold seizure values can be assigned either as threshold 
excitability or as threshold release rate. Clinical research is 
needed to determine these thresholds.

Membrane Potential Ratio (MPR)

The above analysis brought forth the need for further 
research on membrane potentials of human cells. As a first 
step, immortalized lymphoblasts from bipolar patients, 
their siblings and controls were obtained from the Human 
Genetic Mutant Cell Repository (Coriell Institute for Medical 
Research, Camden NJ). The samples consisted of three sets 
of six cells each from bipolar patients, their siblings and 
unrelated control subjects. Our measurements indicated that 
the membrane potentials of the cells from bipolar patients 
were significantly different from those of the cells from 
siblings and controls. However, these experiments highlighted 
the limitations of direct measurements of membrane potential. 
Collection of a large number of data points for a given cell 
line is required for good reliability and reproducibility. The 
cell count has to be accurate. The number of dead cells has to 
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be accounted for. In a machine count it is a bit difficult. The 
dye concentration has to be accurately controlled. Operator 
errors have to be a minimum. Pipette errors and pipetting 
accuracy have to be maintained. The MP of cells varies with 
conditions in the blood plasma. Most of these problems can 
be minimized by the development of a ratiometric assay. The 
ratiometric method eliminates distortions of data caused by 
photo bleaching and variations in probe loading and retention, 
as well as instrumental factors such as illumination stability 
and sensitivity of the detector.

The ratiometric method was developed by experimenting with 
various reagents that would vary only the MP of the cells. For 
this purpose, two buffers were developed. One contained the 
ions in the physiological range and was called the reference 
buffer. The other contained a reagent in addition to the ions in 
the reference buffer. Initially several reagents were tried for 
their suitability for the test buffer. They included monensin, 
a Na-K ATPase promoter, Phorbol 12-myristate 13-acetate 
(PMA), a PKC promoter, lithium, a depolarizing agent and 
ethacrynate (ethacrynate has been used in BD research). Ethyl 
alcohol, a known K+ channel opener was finally chosen as the 
reagent that gave reliable results. The reference buffer contained 
NaCl, CaCl2 and glucose at physiological concentrations. The 
buffering agent hepes was also added to the buffer to maintain 
the pH. The test buffer contained ethyl alcohol in addition to 
the ions contained in the reference buffer. The pH was adjusted 
to 6.8 as there were studies indicating that the pH of the extra- 
and intracellular pH in the brain during seizures was low in 
BD (40). The membrane potentials were measured in both the 
buffers and the ratio of the MP in the test buffer to the MP 
in the reference buffer was designated Membrane Potential 
Ratio (MPR). This ratio was used in all of our clinical trials 
using patients’ whole blood. Women have about 4 to 5 million 
erythrocytes per micro liter of blood and men about 5 to 6 
million. Red blood cells are thus much more common than 
the other blood particles; there are about 4,000–11,000 white 
blood cells and about 150,000–400,000 platelets in each micro 
liter of human blood [40]. The whole blood sample consists 
mostly of red blood cells. About 4 ml of blood was collected in 
a blue top tube with Na citrate buffer as a non-clogging agent. 
The blood samples were kept at 4 deg C till they were tested 
within 24 to 48 hours.

MPR Measurements

The whole blood cells were incubated with a MP sensitive 
fluorescent dye [3, 3′-dihexyloxacarbocyanine iodide (DiOC6 
[3]] for 20 minutes at room temperature. The cell suspension 
was centrifuged and re-suspended in the same buffer without 
the dye. Membrane potential as indicated by the fluorescence 
intensity of the dye was measured using either a fluorescence 
spectrometer or a plate reader. The intensity of fluorescence 
was measured at an excitation wavelength of 485 nm and 
emission at 535 nm. The time of recordings varied from 
10 sec to 1500 sec in the spectrometer depending upon the 

experiment. The count time in the plate reader was one second 
per well.

First Clinical Trial

The first clinical trial was carried out at the University Of 
Maryland School Of Medicine with a grant from the Technology 
Development Corporation of Maryland. Hospitalized patients 
were interviewed by the attending psychiatric department 
faculty and staff and the blood was drawn after their diagnostic 
evaluation. The final validation was made by the attending 
faculty using the treatment response of the patients.

During the blind trial the person who performed the membrane 
potential measurements knew only the sample ID number and 
not the patient history or the diagnosis. A total of 67 samples 
including 18 controls (persons who had no psychiatric 
problems), 10 schizophrenics, 12 unipolars and 27 BDs 
were tested (40 non-BDs and 27 BDs). The clinical trial was 
performed strictly following the regulations and guidelines 
of the Internal Review Board (IRB). Informed consent of 
each subject was obtained before the blood was drawn. The 
confidentiality of the patient records was ensured according 
to the University policies and procedures. Based on the 
results obtained in the open trial, we determined the sample 
size to be 5 with a power of 0.9, an alpha of 0.05, difference 
in mean of 0.08, and a standard deviation of 0.03. However, 
we conservatively tested a total of 67 samples including 18 
controls, 10 schizophrenics, 12 unipolars and 27 BDs (40 
non-BDs and 27 BDs). The sensitivity and specificities are 
shown in the adjoining Table. The statistical significance of 
the differences between bipolar groups and non-bipolar groups 
was determined by the t-test [41]. Multiple Statistical Logistic 
regression was used to assess the predictive power of the 
membrane potential ratios for the various diagnoses [42].

Larger Clinical Trial in a Community

The first trial was limited to hospitalized patients and did not 
include children and adolescents. In order to cover a broader 
range of patient population a second clinical trial was carried 
out with the participation of several clinical psychiatrists 
serving the community. The significant result that came out 
of these clinical trials is that the bipolar group and the ADHD 
group are significantly different from each other in terms of 
the MPR values. It was evident in the first clinical trial that 
some of the patients admitted to the hospital had ADHD. 
ADHD patients’ symptoms were similar to BD patients’ 
symptoms. The hospital staff did not recognize the patients 
as ADHDs. However their MPR values were very high as 
compared to Negatives. When the clinical trial was moved to 
the community the clinicians included their ADHD patients 
in the trial population. The patients who were identified by 
their treatment response as ADHD showed higher MPR values 
consistently. This population is shown in the box plot in figure 
1. It included 250 Negatives, 100 BDs and 200 ADHDs. 
The statistical analysis was performed using the Sigma Stat 
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software package. All the data are presented in box plots 
(figure 1). The bottom line of the rectangular box represents 
the 25th percentile of the data population while the top line of 
the box represents the 75th percentile. The lines inside the box 
represent the median and mean values. Similarly, the bottom 
cross line represents the 5th percentile and the top cross line 
represents the 95th percentile. A logistic regression analysis 

was performed with the diagnosis as the outcome and the 
membrane potential ratio as the predictor [42]. 

These data were used to calculate the probability of the 
disorders (BD and ADHD) as a function of mean MPR using 
multiple statistical correlations as shown in the figure 2. This 
figure is very useful to determine the diagnostic probability 
of the disorder for any individual patient. This method is also 
useful to identify patients who are in the transition regions 
such as BD II, cyclothymiacs and ADD. Nearly 1000 patients 
have been tested under this program over a 20-year period. 
The second significant result was that the MPR is responsive 
to effective treatment.

MPR Responds to Treatment

During the course of these trials, Thiruvengadam and 
Woodruff discovered that the MPR responds to successful 
treatment of both BD and ADHD patients with appropriate 
medications. For example, the figure 3 shows the MPR values 

 

 
  TOTAL SAMPLES TESTED:  67 
  TOTAL POSITIVES:   27 
  TOTAL NEGATIVES:   40 
 
   DIAGNOSTIC (BLIND) TEST RESULTS 
  
   TOTAL NEGATIVES   40 
   TRUE NEGATIVES   35 
   SPECIFICITY    87% 
 
  TOTAL CONTROLS   18 
  TRUE CONTROLS   18 
  SPECIFICITY    100% 
 
  TOTAL SCHIZOPHRENICS  10 
  TRUE SCHIZOPHRENICS  8 
  SPECIFICITY    80% 
 
  TOTAL UNIPOLARS   12 
  TRUE UNIPOLARS    9 
  SPECIFICITY    75% 
 
  TOTAL BIPOLARS   27 
  TRUE POSITIVES   20 
  SENSITIVITY*    74% 
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Figure 1: MPR values for the three groups including BDs ADHDs 
and Negatives (who are neither BDs nor ADHDs) are show in the 
Box Plots. The bottom line of the rectangular box represents the 
25th percentile of the data population while the top line of the box 
represents the 75th percentile. The lines inside the box represent 
the median and mean values. Similarly the bottom cross line 
represents the 5th percentile and the top cross line represents 
the 95th percentile. Includes both inpatient and outpatient data. At 
least 6 different psychiatrists have contributed 10 or more samples 
in these trials. ANOVA indicates that these three groups are 
significantly different from each other with a p value less than 0.001.
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Figure 2: The data in Figure 1 are plotted in Figure 2 as the 
percentage probability of the illness as a function of MPR value 
using the multiple statistical correlation technique.

Figure 3: This figure 3 shows the MPR values for a BD patient 
before treatment on 7/4/2007 and after treatment with lithium over 
a period of about three years. These data are superimposed on 
the probability curve shown in figure 3. The MPR was in the BD 
range before the treatment with Li and in the negative range after 
the treatment.



Thiruvengadam A (2021) Diagnosis, Treatment, Signaling Pathway and New Drugs for Bipolar Disorder and ADHD

J Neurol Neuro Toxicol Volume 6(1): 20216

for a BD patient before and after treatment with lithium. The 
before treatment and after treatment data are superimposed on 
the probability curve as shown in figure 3. The MPR was in 
the BD range before the treatment with Li and came down 
to negative range after the treatment. As early as 1996 El-
Mallakh et al [12] reported that the membrane potential was 
hyperpolarized in a group of hospitalized BD patients and Li 
treatment depolarized the MPs to the level of that of controls. 

Similarly MPR also responds with successful treatment of 
ADHD patients. The figure 4 shows the MPR values before 
and after the treatment for a group of ADHD patients [19]. This 
effect is true for methylphenidate (MPH), methamphetamine 
mixed salts (MSA) and lisdexamfetamine dimesylate (LDA). 
Additional clinical experiments also show that the MPR 
values greatly depend on the concentration of stimulants 
in the patients’ blood. These results not only demonstrate 
the validity of the MPR test but also are very useful in the 
diagnosis and treatment of both BD and ADHD patients. Mean 
MPR values before and after treatment of a group of ADHD 
patients with stimulants is shown in figure 4 [19]. Analysis 
of Variance (ANOVA) test shows that the mean MPR values 
before treatment are significantly different from the mean 
MPR values after treatment. The patients are symptom free 
after treatment as indicated by interviews and by Rating 
Scales such as ADHD RS and WHO RS. Their MPR values 
fall in the Negative range. The treatment response of MPR in 
ADHD patients was confirmed by Stepanova et al [43] in an 
independent study.

Toward Personalized Diagnosis and Treatment

The treatment decisions and medications may be tailored 
to the individual patient in several ways using the MPR 
test. The test helps clinicians in deciding if the patient has 

BD, especially children without prior history. Treatment 
options (antidepressants, mood stabilizers or stimulants) and 
subsequent medication risks may be determined with the 
help of this test. The clinician’s judgment is a major factor 
but the test adds information that supports the diagnosis of 
ADHD in patients where unipolar depression or BD had been 
a reasonable consideration. In addition, there is symptom 
overlap between the diagnoses of ADHD and BD which can 
add to diagnostic uncertainty. Without a biological marker 
for the disease, psychiatric patients are commonly subjected 
to trials of medication based on the best evidence-based 
algorithms available and the clinical expertise of the physicians 
treating the patient. Especially when the diagnosis of BD is not 
clear even with the best clinical expertise, it can sometimes 
take years to establish a correct diagnosis and initiate the 
appropriate treatment. Unrecognized ADHD in both children 
and adults can cause a lifetime of underachievement and 
overlying anxiety and depression. Particularly in the case of 
adults, the depression and anxiety are recognized and treated 
but the underlying ADHD can go unrecognized contributing 
to problems in all areas of life. Untreated BD and ADHD in 
adulthood affect relationships, jobs, household and financial 
management leaving a mark on a person’s self-esteem 
especially as adult responsibilities grow. As the MPR test 
provides the additional information of a biological marker, 
the amount of time, money, and unnecessary medication trials 
for BD with their associated side effects can be minimized or 
avoided. The biological test helps the patients more to accept 
the diagnosis without stigma and leads them to better manage 
their symptoms.

The Role of DAG Pathway in BD and ADHD

The MPR values are significantly different for the three groups 
of patients who participated in the clinical trials (Figure 1). 
What is the cause of these differences? The DNA from the 
hSK4 channels from these patients were sequenced and found 
no mutations. This result led to the alternative mechanisms 
that may cause the observed differences in MPR among the 3 
groups. I tested if the MPR can be altered by manipulation of 
calcium activated potassium channels in RBCs. It is generally 
well recognized that the extracellular ligands activate the 
g-protein coupled receptors (GPCR) in the membrane of the 
target cell. The GPCRs transmit these signals into the cell 
through two primary signal transduction pathways. These 
pathways process and transmit this signal to the K+ ion 
channels in its membrane. These two pathways are the cAMP 
signaling pathway and the DAG signaling pathway [44]. 

Thiruvengadam [45] showed that the promoters and inhibitors 
of the diacylglycerol (DAG) signaling pathway (Figure 5) in 
the RBCs modulate the small conductance potassium (SK) 
channels through the critical proteins such as DAG, protein 
kinase C (PKC), and calmodulin (CAM). These results indicate 
that the differences in the mean values of MPR for the negatives, 
BDs, and ADHDs arise from the differential modulation of the 

Figure 4:  This figure shows the MPR values before and after 
the treatment for a group of ADHD patients. This effect is true for 
methylphenidate (MPH), methamphetamine mixed salts (MSA) and 
lisdexamfetamine dimesylate (LDA) [19]. This was independently 
confirmed by Stepanova et al [43]
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DAG signaling pathway controlling the hSK4 channels in the 
RBCs. The selectivity filter of the small conductance potassium 
channels (SK family) is directly responsible for the selective 
and rapid conduction of potassium whereas other parts of the 
protein are thought to function as a molecular gate that either 
permits or blocks the passage of ions [46]. The selectivity 
filter of all SK channel subtypes—whether SK1, SK2, SK3, 
or SK4—is highly conserved and reflects the selectivity seen 
in any potassium channel [46]. A genome-wide association 
study implicated the diacylglycerol kinase eta (DGKH) and 
several other genes in the etiology of bipolar disorder [47]. In 
this study the authors found that, out of 37 single nucleotide 
polymorphisms (SNPs) selected for individual genotyping, the 
strongest association signal was detected at a marker within 
the first intron of DGKH. Similarly, PKC has been implicated 
in BD by several authors [48]. Moreover, the important 
role of the DAG pathway in modulating the membrane 
potentials and excitabilities in these disorders is a very useful 
tool in understanding these illnesses. Hokin [49] and his 
colleagues found that the hydrolysis of the membrane bound 
phospholipid phosphatidylinositol 4, 5-bisphosphate (PIP2) 
into IP3 and DAG is promoted by lithium in brain cortex slices 
in species ranging from mouse to monkey. DAG signaling 
pathway explains how lithium works in controlling the MP 
and excitability in BD through the promotion of DAG in this 
pathway. Cholinergic agonists promote the PIP2 hydrolysis 
whereas the cholinergic antagonists inhibit this reaction. It is 
clinically observed that some antidepressants induce mania in 
depressed BD patients. This well-known observation can also 
be explained as the effect of cholinergic antagonists in this 
pathway [50]. Methylphenidate (MPH) is a commonly used 
drug for the treatment of ADHD. Ishimatsu et al [51] found that 
the application of MPH to artificial cerebrospinal fluid (ACSF) 
produced a hyperpolarizing response. The second messengers 
for MPH are IP3/DAG via phospholipase C and phospholipid 
phosphatidylinositol bisphosphate [52]. This would explain 

how MPH works in ADHD. This signaling pathway is a very 
useful tool for new drug developments for these diseases.

The neurotransmitters (first messengers) activate the 
g-protein coupled receptors (GPCR) in the membrane. This 
activates the guanosine triphosphate (GTP) which in turn 
activate the phospholipase C (PLC). The PLC cleaves the 
phosphatidylinositol 4,5-bisphosphate (PIP2) into DAG and 
inositol Triphosphate (IP3). The DAG signaling pathway 
controls the calcium activated potassium channels that control 
the MP and excitability of neurons. Thus the DAG signaling 
pathway connects the neurotransmitter signaling to the 
excitability of neurons in these disorders providing a holistic 
understanding of the mechanisms of BD and ADHD. 

Conclusions

MPR values are significantly different in BD, ADHD and 
Negatives as validated by clinical trials using the patient 
response to treatment by several psychiatrists. The MPR test 
responds to the treatment of individual patients to proven 
medications. Such results could be used to monitor the progress 
of treated patients leading to personalized care. The MPR 
could serve as a “biological measure during the illness with the 
same measure in recovered state since it permits longitudinal 
studies that can circumvent the problem of variability among 
individuals” fulfilling the suggestion by Goodwin and Jamison. 
The MPR test could serve as an adjunct tool for the clinicians. 
The diacylglycerol (DAG) signaling pathway modulates the 
hSK4 channels by regulating the critical proteins along this 
pathway in RBCs. Since hSK family is widely distributed 
in neurons, the differences observed in RBCs among BDs, 
ADHDs and Negatives are explained by this finding. Some of 
the clinical observations can also be explained by this pathway. 
This pathway could also be used in new drug development. 
Furthermore, the discovery of the signaling pathway leads 
to an understanding of the disorders from neurotransmitter 
signaling to the excitability.
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