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While many have suggested that protein synthesis may mediate the action of antipsychotic drugs, it is difficult to test. In this math

modeling study it is found that the time course of action of the drugs are compatible with a protein-synthesis model and, furthermore,

that the half-lives required by the model are indeed found in relevant proteins in the brain.
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INTRODUCTION

It is well known that many biological phenomena require
protein synthesis for their manifestation. These include
obvious processes such as growth, but also processes within
the brain, such as memory. An intriguing problem in
neuropsychiatry is the mechanism of action of antidepres-
sants, antipsychotics, and addicting drugs. They are well
known to be slow in onset, requiring from days to weeks to
produce their full effect. While the mechanisms underlying
this slow onset are unknown, elucidation of these mechan-
isms would be a significant advance, perhaps providing new
targets for therapeutic development.

The hypothesis that protein synthesis could account for
the action of antipsychotic and addicting drugs has been
suggested in the past (Kuhar and Joyce, 2001). Recently, the
rate of onset of drug effects was analyzed (Kuhar and Joyce,
2001) using a well-known mathematical model of protein
synthesis described below. It was shown that the rates of
onset of these drugs were compatible with changes in levels
of proteins and that these proteins could theoretically
mediate the clinical effect. This protein regulation hypoth-
esis not only showed compatibility between the model of
protein synthesis and the rate of onset of the drugs, but also
showed that the half-lives of existing and known proteins
were compatible with this model as well.

In this communication, the protein regulation hypothesis
and its relation to the rate of onset of antipsychotic drugs
are reviewed. We apply the simplest model first and then

examine increasingly complex interpretations that are
compatible with the model and the data. Finally, we
summarize the value of the model and how it would be
used as perhaps one of many tools in studying the
mechanism of action of these drugs. Nasar (1998) in her
brilliant book has said ‘The justification of all mathematical
models is that, oversimplified, unrealistic, and even false as
they may be in some respects, they force analysts to
confront possibilities that would not have occurred to them
otherwise.’

MODEL OF PROTEIN SYNTHESIS

It has been known for many decades that, in general,
protein synthesis follows a zero-order process, whereas
protein degradation is a first-order process (Berlin and
Schimke, 1965; Hargrove, 1993; Schimke, 1973). This leads
us to

Pt=Pmax ¼ ð1 � e�0:693t=hÞ; ð1Þ

where Pt is the protein level at time t, Pmax is the maximal
level of the protein and is equal to the synthesis rate (r)
divided by the degradation rate constant (k), and where h is
the half-life of the protein under consideration. The curve
derived from this equation as a function of h is shown, for
example, as the solid line in Figure 2a. Inspection of this
equation indicates that the half-life, h, controls the relative
rate of change of the level of the protein (Figure 2a). It takes
about four half-lives for a protein to reach 94% of its final
level and five half-lives to reach 97%.

When several proteins are sequentially and interdepen-
dently involved, in other words where the level of a given
protein depends on the synthesis of the previous protein,
and where there are n proteins in the series, the relevant
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equation is

Ptn=Pmaxn ¼ ð1 � e�0:693t=h1Þð1 � e�0:693t=h2Þ � � �

ð1 � e�0:693t=hnÞ: ð2Þ

Equation 2 (2) should be regarded as the major analytic
tool since it reverts to Equation 1 (1) when n¼ 1, and
because it embodies several reasonable alternatives that
must be considered. The derivation of these equations, the
shapes of the curves, their dependence on the various half-
lives, and their applicability to the hypothesis regarding the
rate of onset of antipsychotic and addictive drugs has been
explored in more detail previously (Kuhar and Joyce, 2001).

HYPOTHESIS

The hypothesis considered here is that clinical improve-
ment (or simply change) is because of a protein(s), referred
to as an ‘effector(s).’ The changing levels of the effector
protein directly produces the proportionate corresponding
clinical effect. The notion is that administration of a drug
changes the gene expression, which in turn changes the
protein levels (for a review of gene changes with addicting
drugs, see Kuhar et al, 2001) which causes the clinical
change.

EXAMPLE OF DATA ANALYSIS

Figure 1a shows the rate of clinical improvement of a group
of schizophrenics treated with clozapine (Lieberman et al,
1994). Figure 1b, where the data are shown again, includes
smooth curves that were generated by computer using
Equation 1 (1) with various half-lives of 20, 30, and 40 days.
The smooth curves show the rate of change of theoretical
protein levels. The curve derived using a 30-day half-life
appears to fit the data points best, but curves from other
half-lives would fit within reasonable errors as well. The
implication according to the hypothesis is that an effector
protein characterized by these half-lives could mediate the
clinical improvement.

Thus, the rate of change of protein levels according to the
model seems compatible with the rate of improvement in
these patients. Also, different proteins with half-lives that
vary considerably may still be within the inherent variability
of the data. An important practical point is that brain
proteins with these half-lives would have to exist to further
test the hypothesis and model, and they do (see below).

A word about errors in measuring Pt/Pmax and their
impact on h:

For example, what is the effect on h when Pt/Pmax might
vary by 7 20%? We can approach this by considering a
variation of Equation 1 (1):

h2=h1 ¼ lnð1 � Pt1=Pmax 1Þ= lnð1 � Pt2=Pmax 2Þ:

When Pt1/Pmax1 ¼ 1/2, and Pt2/Pmax2 varies by 7 20%, the
ratios of the half-lives, h2/h1 are 0.76 and 1.36 from the
above equation. Therefore, if the h of a measured curve is
calculated to be 10, where error in Pt/Pmax range from + to
�20%, then the half-life could range from 7.6 to 13.6 days, a
ratio of almost two-fold. Thus, errors in measurement of

Pt/Pmax can have a significant impact on the range of half-
lives that must be considered.

INTERPRETATION

It is clear that the time course data can be fit to an
exponential curve compatible with the involvement of a
single protein with a given half-life (Figure 1). However,
further inspection and examination of the model reveals
that additional interpretations are possible and must be
considered to explore fully the biologic and mechanistic
possibilities. The first additional possible interpretation is
simply that the curve generated by changing levels of a
single effector protein with a given half-life can actually be
produced by the additive effects of more than one protein of
about the same half-life. As shown in Figure 2a, a curve for a
single protein is indistinguishable from a curve where two
proteins with about the same half-life are all effectors and
produce effects that are additive. Therefore, even though the
simplest exponential can fit the curve, the involvement of
more than one protein whose effects are additive, that is
multiple effectors, must be considered as a real possibility.

Yet additional interpretations are possible when we
consider Equation 2 (2), which describes the production
of a final effector protein that is dependent on the
production of previous proteins that in turn regulate the

Figure 1 Time course of clinical improvement of a group of
schizophrenics as described by Lieberman et al (Lieberman et al, 1994).
A. Reproduction of original data. B. Superposition of curves using Equation
1 (1), suggesting that the half-life of the ‘effector’ protein is about 30 days.
Curves of different half-lives were used to develop an appreciation of how
variability in the data affects the half-lives. See text for details.
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levels of the next. A concrete example of this might be a
series of proteins where the first is a transcription factor
that produces and regulates the formation of subsequent
effector proteins. Figure 2b shows three different curves that
appear as one because they overlap and are indistinguish-
able. Curve 1 is a simple exponential derived from Equation
1 (1), where the half-life of the theoretical protein is 3 days.
However, Curves 2 and 3 derive from Equation 2 (2), where
there are four different, dependent, and sequentially
expressed proteins, the last one being the effector. Curve 2
shows the case where the effector protein half-life is 3 days
and the half-lives of the other precursor proteins are much
smaller, 0.01 days. In this case, the very short half-life
proteins are ‘invisible’ in the process and only the longest
half-life protein has an influence on the time course of the
process. In Curve 3, the first protein has a half-life of 3 days
and the subsequent three proteins, including the effector,
have very small half-lives, but the curve is dominated by the
first, longest half-life protein. It is clear, considering Curves
2 and 3, that the longest half-life protein dominates the
shape of the curve, no matter where it occurs in the
sequence. This is both a shortcoming of the method, as well
as a strength, since the long half-life proteins, that is the
slowest to reach the maximal effect, are often of most

interest. When half-lives of different and sequentially
regulated proteins are more similar than different, there is
a lag in the rise of the protein levels (Figure 2c). Indeed, a
lag in the rise of levels can easily be interpreted and
modeled by Equation 2 (2) (Kuhar and Joyce, 2001).

The above analysis indicates that clinical improvement in
these schizophrenics could involve a protein with a half-life
of about 30 days. Does any such protein(s) exist in the
human brain? The answer is yes. While very few half-lives of
proteins have been measured in humans, MAO-B has a half-
life of about 40 days (Fowler et al, 1994) in the human brain.
If we consider that ‘synaptic remodeling’ is needed for the
clinical effect, then formation of synaptic proteins could be
rate limiting. Botulinum toxins target synaptic proteins
involved in neurotransmitter release, and the time of
recovery of function after administering these toxins to
humans is of the order of a month or more, suggesting that
their half-lives in vivo are also of the same order of

3–––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Figure 2 Theoretical curves using Equations 1 and 2, (1) and (2), that
help to explain the mechanistic alternatives that might underlie curves
shown in Figure 1 (following text and figures from Kuhar and Joyce, 2001).
The time courses of protein concentrations (Pt/Pmax) are shown after a
change in the synthesis or degradation rate of the protein. (a) The
concentration of a single protein (solid line) is determined by the model
presented in Equation 1 (1) of the text (a single protein as the effector),
which shows that 50, 75, 87, and 94% (designated on the ordinate in
fractions rather than percent) of the maximum concentrations are reached
by one, two, three, and four half-lives (h), respectively. If a decrease in
protein concentration was occurring, the curve would be drawn down-
wards. If the y-axis reflected the clinical effects as a result of a protein
increase, the shape of the ‘effect’ curve would be equivalent to the protein
concentration curve. The effect of a single protein could also be produced
by adding the effects of two other proteins that have the same half-lives
and the concentrations of which start rising at the same time, just as the
dashed lines add to produce the solid line. These proteins could be
different proteins that have different mechanisms but the same effect, or
similar proteins (isoforms) that elicit the same effect. (b) Data obtained
when four proteins are sequentially regulated and the shape of the final
effect curve is strongly influenced by the longest half-life protein, even if this
protein is not the effector. The curve shown is actually three different
curves that overlap (1–3). Curve 1 is for a single protein (Equation 1 (1))
where the half-life is 3 days. When the half-lives of the first three proteins
are very small compared with that of the effector (Curve 2), the influence
of the first three proteins on the shape of the curve is insignificant. Similarly,
when the half-life of the first precursor, P1, is much longer than that of P2,
P3, and P4 (Curve 3), P1 dominates the time course and the influence of
the other three proteins is not apparent. (c) Curves where the effector
protein is the last in a series of sequentially regulated proteins and where
the half-lives of the different proteins are more similar than for the data in
part (b). Two proteins, P1 and P2, are considered where the ratio of the
half-lives vary; h1 is 1 day in all cases and P1 controls the concentrations of
P2 as described in the main text. Curve 1 (Equation 1 (1)) is for the single
protein P1 only. Curves 2–4 (from Equation 2 (2)) show P2 concentrations
when h1/h2 varies. When the half-life of P1 is much larger than h2, the
overall curve is largely determined by P1 (Curve 2 is not significantly
different from Curve 1), and there is almost no delay in the early time
course for P2 (Curve 2). However, as the half-life of P1 becomes relatively
short compared with that for P2, a lag in the rise of the curve becomes
evident (Curves 3 and 4). This lag in the curve for P2 reflects the time
required for P1 to rise to significant concentrations before it can produce
significant concentrations of P2 (see text for details). Curves were
generated using a desktop PC computer with Microsoft Excel, S-Plus 2000,
and Graph Pad Prism 3.0. Abbreviations: P, protein concentration; Pt, the
concentration of protein and time t; Pmax, the maximum concentration of
the protein.
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magnitude (Brin, 1997; Edgar, 2001; Eleopra et al, 1998).
Thus, it appears that relevant human brain proteins have
half-lives of the magnitude required for the data to fit the
model. Since half-lives may be species dependent (Kuhar
and Joyce, 2001), additional half-life measurements will be
needed in humans in order to apply the model to humans.

Since the basic assumption of the model used here
employs a zero-order synthesis rate and a first-order
degradation rate, it is fortuitous that other identically
regulated processes can be added to the model (Hargrove,
1993). Drug levels in the brain are determined by a similar
process (Goldstein et al, 1974), as are the mRNA levels
within cells (Hargrove, 1993). Thus, while the model is
described above as only dealing with changes in the levels of
proteins, we could easily include changing drug levels and
mRNA levels as factors in Equation 2 (2), and the half-lives
derived from the analysis may apply to other processes as
well. However, since the overall curve will reflect the longest
half-life steps in the series, these faster steps may be
‘invisible’ and negligible when the overall process is
measured. As Hargrove (Hargrove, 1993), for example, has
pointed out in a very general analysis, the half-time of
transcription and of mRNA decay in cytoplasms is of the
order of 3 and 10–1000 min, respectively; these are indeed
very short compared to the half-time of the recovery
process in Figure 1. If the half-time of the antipsychotic
drugs in the brain were 4 days, it still would have a minor
influence on the overall curve as shown by Equation 2 (2),
where an overall half-time of 30 days is implied.

The crux of this approach is to fit curves generated by the
model to the experimental data. If there is a reasonable fit,
one can then consider all of the theoretical possibilities that
permit the fit and then plan additional experiments or
considerations based on those possibilities. It is clear that a
fit does not prove the validity of the model or a specific
aspect of the model, but rather allows these to be
considered. In this sense, it is a tool to be used in studying
the possible effectors of processes in brain. While this
modeling approach is ambitious, includes many significant
simplifications and assumptions, and uses data without a
highly detailed time course, it nevertheless provides a
reasonable fit to the available data and requires a half-life

that is within the realm of reality. Many additional studies
will be needed to assess fully the utility of the model, and
perhaps to expand the model.
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