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Summary. The kinetics of two enzyme systems in situ 
that have been studied with real-time image analysis 
systems are reviewed in detail. The enzymes are a 
structurally-bound mitochondrial enzyme, succinate 
dehydrogenase (SDH) and a soluble cytoplasmic 
enzyme, lactate dehydrogenase (LDH). The image 
analysis system is used to capture successive images of a 
tissue section at constant time intervals whilst it is being 
incubated on a substrate-containing gel film. The 
increasing absorbances of the final reaction products in 
each cell are measured in the successive images as a 
function of incubation time. The absorbances of the 
formazan reaction products formed by SDH, for 
example, in sections of liver determined by such means 
increase linearly during the first minute of incubation, 
but non-linearly afterwards. The initial velocities of 
SDH in single hepatocytes in sections incubated on gel 
substrate films are calculated from the activities during 
the first 20 s of incubation. In contrast, the activities of 
LDH measured in various cell types, including 
hepatocytes, with the gel film technique increase non- 
linearly during the first minute of incubation, but 
linearly for incubation times between 1 and 3 min. The 
initial velocities (vi) of LDH in single cells can be, 
calculated, however from the activities during the first 
interval, 10 S, of the image capturing sequence. 
Unfortunately, the experimental errors of the initial 
velocities of LDH determined in this way are relatively 
high. To overcome this problem, we have found 
empirically that the equations vi = al% and vi = 1+aZ0A 
enable reliable initial velocities (vi) of the LDH reaction 
in single cells of various types to be calculated using the 
data of the linear activities for incubation times between 
1 and 3 min. Dependence of the initial velocities of the 
SDH and LDH reactions on substrate concentrations 
gave the Michaelis constants (Km) and maximum 
velocities (V,,,). The Km values determined in situ for 
SDH in hepatocytes and for LDH in various cell types 
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with the gel film technique are in the same order of 
magnitude as the corresponding values determined 
biochemically. The constants al ,  a and Km of LDH are 
characteristic for each cell type aniseem to be related to 
the intracellular localization of the enzyme and to its 
ligand-binding rather than to the different isozyme 
compositions in various cell types. 

Key words: Enzymes, Kinetics, Image analysis system, 
Quantitative histochemistry, Gel film technique 

lntroductlon 

Many studies on enzyme kinetics in solution have 
been undertaken using tissue homogenates or purified 
enzymes to elucidate the reaction mechanisms of 
enzymes. The findings of such studies have greatly 
contributed to predicting their physiological functions in 
living cells. However, enzymes in living cells do not 
exist in isolation. They are not 'pure'. Instead they 
function in a complex microenvironment in close 
association with other proteins. As a consequence, their 
kinetics in the real life situations of cells may differ 
considerably from those in solutions. The purpose of this 
review is to examine some of these differences as 
revealed by modern quantitative histochemistry. 

In general, enzymes are classified into two groups, 
soluble and stnicturally-bound (Wilson, 1978). There is 
some evidence for the partition of severa1 soluble 
enzymes between soluble and particulate fractions of 
tissue homogenates being influenced by specific 
metabolites such as substrates, products and allosteric 
effectors of the enzymes (Wilson, 1978; Masters, 1981, 
1992). The binding of soluble enzymes to subcellular 
structures modifies their kinetic parameters (Wilson, 
1968; Knull et al., 1974; Nitisewojo and Hultin, 1976; 
Walsh et al., 1977; Swezey and Epel, 1986) and 
allosteric properties (Karadsheh and Uyeda, 1977). 
Thus, it has been suggested that theinteractions between 
soluble enzymes and cellular structures function to 
regulate enzyme activities in response to various 
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physiological states of the cell such as development 
(Reid and Masters, 1985a,b; Swezey and Epel, 1986), 
disease processes (Knull et al., 1973, 1974; Bachelard, 
1976), and muscle contraction (Walsh et al., 1977; 
Pagliaro and Taylor, 1988; Masters, 1981, 1984). 

Validated quantitative histochemical techniques 
(Stoward, 1980; Stoward et al., 1991; Van Noorden and 
Butcher, 1991), in which the morphological integrities of 
cells are preserved in sections and smears, permit 
investigation of the diversity of the interactions and the 
rnicroenvironmental factors in situ affecting the 
equilibrium between soluble enzymes and cellular 
structures. There have been some repoits that the kinetic 
parameters of enzyrnes determined in situ agree with 
those determined in vitro (Gutschmidt et al., 1979; 
Kugler, 1981; Stoward and Al-Sarraj, 1981; Nakae and 
Shono, 1984; Gordon and Robertson, 1986; Blanco et 
al., 1988; Old and Johnson, 1989; Jonges et al., 1990, 
1992; Nakae and Stoward. 1992, 1993b, 1994b). There 
are, not unexpectedly, also contrary reports. Thus, for 
example, Michaelis constants (Km) of severa1 enzymes 
determined in situ are higher than those determined in 
vitro (Butcher, 1970; Robertson et al., 1982; Sinowatz et 
al., 1983; Van Noorden and Butcher, 1986; Van Noorden 
and Jonges, 1987; Van Noorden, 1988; Jonges and Van 
Noorden, 1989; Lawrence et al., 1990; Patel et al., 1991; 
Nakae and Stoward, 1994b). The differences has been 
attributed to the interactions in situ between enzymes 
and cellular structures (Van Noorden and Vogels, 1989a; 
Lawrence et al., 1990) or specific metabolites (Nakae 
and Stoward, 1994b). Hence, it is extremely important in 
understanding the physiological functions of enzymes in 
cells to determine their activities and kinetic parameters 
in situ and compare them to biochemical data. 

In this review, the details of how in situ activities are 
determined with a computer-assisted image analysis 
system are described. TWO examples are discussed. The 
first is lactate dehydrogenase (LDH), a soluble enzyme 
that catalyses the last step of glycolysis. The second is 
succinate dehydrogenase (SDH), a mitochondrial 
membrane-bound enzyme involved in the Krebs citric 
acid cycle. The initial velocities of the SDH reaction in 
situ can be determined from its initial linear kinetics 
during the first minute of incubation (Pette, 1981; Nakae 
and Stoward, 1992). In contrast, it is much more difficult 
to determine the activities of a soluble enzyme in situ 
because more than half the enzyme originally present 
rapidly diffuses out of unfixed sections during its 
histochemical assay (Fahimi and Amarasingham, 1964; 
Kalina and Gahan, 1965; Meijer, 1980; Nakae and 
Stoward, 1993a). However, a new approach has been 
developed (Nakae and Stoward, 1993a,b,c, 1994a,b) for 
deterrnining the initial reaction velocities of the soluble 
enzyme in situ with the agarose gel film technique 
originally introduced by Pette and his colleagues (Pette 
and Brandau, 1962; Nolte and Pette, 1972a,b; Pette and 
Wirnmer, 1979). This approach is reviewed here as an 
example of studies that have overcome this problem. 
The diverse kinetic parameters of LDH in situ 

determined by this means in various cell types are 
discussed in terms of its isozyme composition and 
microenvironment in each cell type. 

Real-time image analysis system 

Modem image analysis system are based on computer 
and television technologies. Fig. 1 shows a typical 
system fitted to a light microscope. The principal 
steps in image analysis are image capture, image 
processing, and measurement. The analysis can involve 
measurements of optical densities, areas, diarneters, 
perimeters, lengths, and distances. Severa1 image 
analysis systems available commercially digitize images 
at constant intervals in real time. Examples are the 
Seescan Solitaire Plus image analysis system (Seescan 
Analytical Services Ltd, Cambridge, UK), the ARGUS- 
100 image analysis system (Hamamatsu Photonics K.K., 
Hamamatsu, Japan) and the MCID image analysis 
system (Imaging Research Ltd, Ontario, Canada). There 
are severa1 advantages in using image analysis systems 
with this function in the field of quantitative enzyme 
histochemistry. Images based on the absorption of 
monochromatic light by the final reaction product (FRP) 
produced by an enzyme in a tissue section are captured 
at constant intervals during its histochemical assay and 
stored on mini-floppy disks. The stored images can then 
be analysed at leisure. Optical density measurements of 
successive images enable the enzyme activities in a large 
number of single cells in a section to be monitored 
continuously. Topographical data for a number of cells 
can also be obtained quickly in the same time. Fewer 
samples and less time and labour are required for this 
kind of work compared with using a scanning micro- 
densitometer of the type available in the 1970s and 
1980s. 
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Flg. l. Schematic diagram of an ARGUS-100 image analysis system. 
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Table 1. Transmission (%) of a background image captured using an 
ARGUS-100 image analysis system. A diode-gun Plumbicon camera 
was used as the scanner. A substrate gel film for SDH was sandwiched 
between two cover slips and placed on lhe stage of a microscope fitted 
with a x40 objective and irradiated by monochromatic light at 584 nm. 
The image (512 x 483 pixels) was divided into 64 rectangles (lengthwise 
A-H and crosswise 1-8). The mean transmission and SD for each 
rectangle image was calculated regarding the transmission of the centre 
pixel in the whole image as 100%. The coeíficient of variation (CV) for 
the mean transmission among the 64 measurements is 1.8% (see also 
Blanco et al., 1988). 

A Mean 
SD 

B Mean 
SD 

C Mean 
SD 

D Mean 
SD 

E Mean 
SD 

F Mean 
SD 

G Mean 
SD 

H Mean 
SD 

corresponds to a pixel, a picture element, in image 
analysis. Each pixel is related to 64 or 256 grey levels 
depending on a 6 or 8 bit number respectively in digital 
image processing (Joyce Loebl, 1985; Russ, 1990). The 
grey level O corresponds to 100% transmission (7') of 
monochromatic light and the grey level 255 to the dark 
current of a scanner (T= 0%). The transmission of each 
pixel is converted to optical density (OD) using the 
equation OD= 2 - loglOT. The scanner is usually a high 
quality commercial TV camera. Several TV cameras 
with appropriate and characteristic spectral response, 
noise and sensitivity are available for image analysis 
systems (Joyce Loebl, 1985; Inoué, 1986). For rnicro- 
densitometry, a Plumbicon, Newvicon or, best of all, a 
CCD camera (Donovan and Goldstein, 1985; Chieco et 
al., 1994) is preferred because of the proportionality 
between input and output intensities of light (gamma= 
l), making calibration simple and more reliable than 
other cameras (Joyce Loebl, 1985). 

Calibration for microdensitometric measurements 

For microdensitometric measurements, objects 
(sections or smears) are best illuminated with mono- 
chromatic light obtained by placing a narrow-band 
interference filter in the light path of the microscope 
(Blanco et al., 1988; Lawrence et al., 1989; Nakae and 
Stoward, 1992). This permits the valid application of 
Lambert-Beer's law. Interference filters (e.g. from 
Vacuum Optics Co. of Japan, Tokyo) combined with a 
filter which eliminates near infra-red light are preferable 
to either an interference wedge or a prism mono- 

chrometer because the band width is much narrower. 
The light source should preferably be stabilised by a 
regulated DC power supply. A thennoregulated stage 
should be attached to the light microscope of the image 
analysis system (Nakae and Stoward, 1992, 1993a. 
1994a,b) because enzyme activity depends on the 
temperature of the incubation medium. The optical 
system of the light microscope and the image analysis 
system should be adjusted for Kohler illumination. The 
variations of transmission within a background image 
without specimen (shading effects) should be less 10% 
(Inoué, 1986) as shown in Table 1 (see also Blanco et al., 
1988). To correct for the inevitable uneven illumination, 
this residual image is subtracted from each test image 
(shading correction). The light intensity of the 
microscope is adjusted to just below the saturation point 
for al1 pixels within the array of the light detector. 
However, Lawrence et al. (1989) has reported that after 
shading correction there is no significant effect on the 
absorbance readings in a Seescan Solitaire Plus image 
analysis system even if the relative light intensity is 
reduced from 114 to 35 grey scale. The sarne microscope 
objective should be used in a series of measurements 
because objective magnification affects absorbance 
readings (Blanco et al., 1988; Lawrence et al., 1989). 
The focus of images should be adjusted precisely during 
capturing. Though the out-of-focus error on absorbance 
reading is about &lo% with a conventional micro- 
densitometer, thinner sections of tissue are preferred 
(Bitensky, 1980). 

Lawrence et al. (1989) has reported the calibration of 
a Seescan Solitarie Plus image analysis system using 
neutral density filters. Fig. 2 shows the caiibration of an 
ARGUS-100 image analysis system using neutral- 
density filters of known absorbances measured with a 
Vickers M85 scanning microdensitometer (Nakae and 
Stoward, 1993a). The absorbances at 584 nm of various 
neutral-density filters measured in an ARGUS image 
anaiysis system agree within 10% for absorbances to at 
least 1.2. Absorbances also increase lienarly with section 
thicknesses, thus confirming that Lambert-Beer's law 
holds true for such objects (Martin et al., 1985; Blanco et 
al., 1988; Chalmers and Edgerton, 1989b; Lawrence et 
al., 1989; Nakae and Stoward, 1992). 

Distributional error due to the heterogeneous 
distribution of absorbing material in cells can be 
assessed by measuring their absorbances with various 
frame sizes in the same images. An example is shown in 
Fig. 3 in which the observed initial velocities of the 
LDH reaction measured in various areas (measuring 
frames) in single fibres of skeletal muscle are plotted 
against the frame sizes (Nakae and Stoward, 1994a). The 
wavelength of monochromatic light used for these 
measurements is 584 nm, which corresponds to the 
isobestic point of the principal FRPs, a red mono- 
formazan and a blue diformazan of Nitro BT (Butcher, 
1978). The initial velocities were calculated from 
the absorbance changes of two images captured 
at incubation times O and 10 s. Using x40 objective 
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(1 pixel= 0.25 p2) the distributional error of formazans 
deposited in skeletal muscle cells is within about 4% 
using the ARGUS-100 image analysis system. 

Continuous monitoring of enzyme activlty 

To measure enzyme activities in si tu,  validated 
quantitative histochemical techniques (Stoward, 1980; 
Stoward et al., 1991; Van Noorden and Butcher, 1991) 
are applied to either cell smears or tissue sections cut at 
constant speed at a constant temperature between -20 
and -30 "C in a cryostat. Usually cells and sections are 
used without fixation for histochemical assays in order 
to avoid enzyme denaturation. However, this leads to 
another problem, namely that enzymes, especially 
soluble ones, originally present in unfixed cells and 
tissue sections diffuse into aqueous media during their 
histochemical assay (Fahimi and Amarasingham, 1964; 
Meijer, 1980; Wachsmuth, 1980; Nakae and Stoward, 
1988, 1993a). Three methods have been developed to 
overcome or control this diffusion: agarose gel films 
(Pette and Brandau, 1962; Fahirni and Amarasingham, 
1964; Nolte and Pette, 1972a,b), polyvinyl alcohol 
(PVA)-containing media (Altman and Chayep, 1965; 
Altman, 1980; Van Noorden and Vogels, 1989a), and 
semipermeable membranes (McMillan, 1967; Meijer, 
1972, 1980). However, with the first two of these 
methods, enzymes still diffuse out of sections during 
incubation and subsequent rinses in distilled water 
(Butcher et al., 1980; Frederiks et al., 1988; Stoward and 

Fig. 2. Absorbance (AIA) at 584 nm of neutral density filters measured 
with an ARGUS-100 image analysis system as a function of their 
cal-ibrated absorbance (A,,,,,) at 584 nm with a Vickers M85 scanning 
microdensitometer. The regression of AIA on AvM fis the equaüon AIA= 
0.879AvM + 0.0639 (r= 0.997, pc 0.001, n= 7). (From Nakae and 
Stoward, 1993a). 

Nakae, 1988; Nakae and Stoward, 1988, 1993a). 
Therefore, ideally enzyme activities in situ should be 
determined in the initial phase of incubation by 
continuous monitoring of the formation of enzyme FRP 
during incubation rather than from end-point 
measurements. The continous monitoring of enzyme 
reactions in situ using real-time image analysis systems 
has been reported by Markovik et al. (1983), Sieck and 
Sacks (1986), Sieck et al. (1987), Blanco et al. (1988), 
Chalmers and Edgerton (1989a,b), Lawrence et al. 
(1989, 1990), and Nakae and Stoward (1992, 1993a, 
1994a,b) and others. 

The monitoring is carried out as follows. First, an 
image of an incubation medium (the 'background 
image') (Table 1) is captured and stored in the image 
processor. The enzyme reaction is then started by 
placing a tissue section in contact with an assay medium. 
Monochromatic images of the section are captured at 
constant time-intervals in real time continuously during 
the incubation, and stored after subtraction of the 
background image (shading correction). The background 
and test images displayed on the monitor are sharply 
focused during the capturing. Each image requires 1/30 
or 1/25 S for digitisation for 525 or 625 scanning lines 
respectively (Joyce Loebl, 1985; Inoué, 1986; Russ, 
1990). The images are integrated an appropriate number 
of times (usually 16) before storage. 

Fig 4a shows an image of an unfixed section of liver 
captured in the ARGUS-100 image analysis system 
100 S after starting an incubation of a section placed on a 
substrate (succinate)-containing agarose gel film for 
SDH (Nakae and Stoward, 1992). The principal FRPs 
are a mixture of Nitro BT mono- and diformazans. The 
grey levels (activities) in Fig. 4a are related to a colour 
scale. The pseudo-coloured image is shown in Fig. 4b. 
From this image it can be seen that the SDH activity is 

1 O0 200 
Frame s i z e  ( p m 2 )  

Fig. 3. Obsewed initial velocities (Admin)  calculated using various 
frame sizes in the images for uncorrected LDH in single muscle fibres of 
mouse gastrocnemius. The sections, 4 pm thick, were incubated on 
substrate gel films containing 0.8% lowgelling temperature (LGT) 
agarose, 70 mM L-lactate and other ingredients. pH 7.5, 37 S. ARGUS- 
100 image analysis system was used. 0= a large fibre; O= a small fibre. 
(From Nakae and Stoward, 1994a). 
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lower in the pericentral region than in the periportal 
region. 

Kinetic analysis 

Here we review, fmt, how kinetic data of enzymes in 
situ are obtained from images captured at predetermined 
intervals of tissue sections during their incubation on 
substrate-containing media and, second, how the data are 
analysed in order to determine kinetic constants. 

Time courses of enzyme reactions 

The absorbances of the FRP of an enzyme deposited 
in a delimited area of single cells are determined as a 
function of incubation time from images captured 
continuously during incubation using an image analysis 
system. Typical time courses of the SDH and LDH 
reactions in the cytoplasm of single pericentral and 
periportal hepatocytes are shown in Figs. 5a,b (Nakae 
and Stoward, 1992, 1993a). They were obtained using an 
ARGUS-100 image analysis system, from 28 sequential 
images of liver sections incubated on agarose gel films 
containing the appropriate enzyme substrate (Nakae and 
Stoward, 1992, 1993a). The time courses of their control 
reactions without substrates (the 'nothing dehydro- 
genase' reactions) are also shown in these Figures. The 
absorbances of the SDH FRPs (Le. activities) formed 
from Nitro BT increase linearly during the first rninute 
of incubation, but non-linearly afterwards. In contrast, 
the activities of LDH and 'nothing dehydrogenase' 
increase non-linearly during the first minute of 
incubation, but linearly for incubation times between 1 
and 3 min. A similar non-linearity and linearity is 
observed at various concentrations of substrate (L- 

lactate) for LDH reactions in mouse cardiac and skeletal 
muscle fibres, gastric parietal cells, duct epithelial and 
acinar cells of the parotid gland, oocytes, and human 
hepatocytes (Nakae and Stoward, 1994a,b). The 
corrected (intrinsic) activity curves for SDH and LDH 
obtained by subtracting the 'nothing dehydrogenase' 
activity at each time point of incubation from the 
corresponding SDH and LDH activities are similar to 
their uncorrected activity curves (Figs. 5a,b). 

A number of quantitative histochemical studies on 
single cells have revealed that, for severa1 enzymes, 
including SDH and LDH, the enzyme reaction rate is 
initially not linear with time (Nolte and Pette, 1972a,b; 
Altrnan, 1978; Pette and Wimmer, 1979; Kugler, 1981; 
Pette, 1981; Robertson et al., 1982, 1984; Butcher and 
Van Noorden, 1985; Van Noorden et al., 1985; Van 
Noorden and Butcher, 1986, 1987; Van Noorden and 
Jonges, 1987; Stoward and Nakae, 1988; Chalmers and 
Edgerton, 1989b; Frederiks et al., 1989; Jonges and Van 
Noorden, 1989; Lawrence et al., 1989; Lomax et al., 
1989; Ruhnke and Gossrau, 1989; Van Noorden and 
Vogels, 1989b; Frederiks et  al., 1991; Nakae and 
Stoward, 1992, 1993a,b, 1994a,b). However, Van 
Noorden's group (Van Noorden et  al., 1985; Van 
Noorden and Butcher, 1986; Van Noorden and Jonges, 
1987; Van Noorden, 1988; Jonges and Van Noorden, 
1989; Van Noorden and Vogels, 1989b; Frederiks et al., 
1991), arnong others, have shown that some enzymes do 
exhibit linear reaction rates when the kinetics of the 
'nothing dehydrogenase' reaction is subtracted, 
particularly when sections are incubated in media 
containing PVA as a tissue protectant. In contrast, these 
reactions are often not linear when sections are 
incubated on gel substrate films (Nakae and Stoward, 
1993a,b, 1994a,b). 

Flg. 4. Display on the monitor of an image analysis system of the image of the pericentral region in a liver section incubated for 100 $ on a gel substrate 
film for SDH. 8 pm section, 20mM succinate, 1.6% LGT agarose gel film, pH 7.5, 37 C. A x40 objective was used. (a) Grey scale image (left) (512 x 
483 pixels) irradiated with monochromatic light at 584 nm. Each pixel was related to 256 grey levels. The white dots are the nuclei of hepatocytes. 
(b) Pseudo-coloured image (right) of (a). The images were corrected for shading effects. 
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The activities of LDH in liver homogenates (Van 
Noorden and Vogels, 1989b) and purified glucose-6- 
phosphate dehydrogenase (Pette and Wimmer, 1979) 
incorporated in polyacrylamide gel films have been 
measured in aqueous incubation media. They were 
reported to be linear with incubation time. Therefore, the 
non-linearity observed in the initial phase of the enzyme 
reactions in situ appears to be characteristic of enzyme 
reactions in tissue sections. Van Noorden and Vogels 
(1989b) claimed that product inhibition of LDH by 
pyruvate does not occur in the polyacrylarnide gel films 
because pyruvate diffuses more easily from the gels 
when immersed in aqueous media than from tissue 
section incubated in PVA-containing media. There is 
another explanation for the linear reactions of the 
enzymes incorporated in the polyacrylamide gels: 
diffusion of the enzymes from the gels into the 
incubation media is prevented by the gel matrices. 

lnitial velocity 

The reasons why in situ enzyme activities are initially 
non-linear with time are possibly either inhibition of the 
enzymes by their products (Van Noorden et al., 1985; 
Van Noorden and Vogels, 1989b) or FRPs (Kugler, 198 1 ; 
Pette, 1981) or diffusion of the enzymes (Nakae and 
Stoward, 1988, 1993a) or their endogenous substrates 
(Van Noorden and Butcher, 1987) or reduced coenzymes 
and exogenous electron carriers (McMillan, 1967; 
Andersen and Hgyer, 1974) out of tissue sections during 
incubation, depending on the intracellular localization 
and molecular properties of the enzymes. Whatever the 

Uncorrecled 
activity 

reason, the initial velocities of enzyme reactions should 
be measured to avoid these effects. 

The initial velocities of an enzyme can be calculated 
from the gradients of the linear initial phases of the 
reaction. For example, the observed initial velocities of 
the SDH and LDH reactions in single hepatocytes in 
liver sections incubated on gel substrate films can be 
determined from the linear portions of the activity-time 
plots between O and 20 S, and O and 10 S, respectively 
(Figs. 5a,b) (Nakae and Stoward, 1992, 1993a). 
However, the initial velocities of the LDH reaction 
determined in this way are subject to considerable errors 
because the initial phase of the reaction is very short. 
Therefore, the initial velocity of the LDH reaction is 
better determined from the linear steady-state phase for 
incubation times between 1 and 3 min rather than from 
the initial phase (Fig. 5b) (Nakae and Stoward, 1993a,b, 
1994a,b). This can be achieved as follows. The steady- 
state velocity v is the gradient of the linear portion for 
incubation times between 1 and 3 min. When this linear 
portion extrapolates, it intercepts the absorbance axis at 
"A (Fig. 5b). The observed initial velocities vi and (vi - v) 
of the uncorrected LDH and 'nothing dehydrogenase' 
reactions in single hepatocytes in the tissue sections of 
various thicknesses are then plotted against "A (Figs. 
6a,b) (Nakae and Stoward, 1993a,c, 1994a). The 
intercepts "A correlate highly significantly with the 
observed vi and (vi - v) for both the LDH and 'nothing 
dehydrogenase' reactions. The regression best-fit lines 
for both reactions pass near the origin. It is reasonable 
that the points for the 'nothing dehydrogenase' reaction 
in Figs. 6a,b are approximated by the same lines as those 
for LDH because the 'nothing dehydrogenase' activities 
are mainly due to LDH oxidising endogenous lactate in 
the cells (Van Noorden et al., 1985; Van Noorden and 

l n c u b a l i o n  t i m e  í m i n )  

Fig. 5. Typiml plots of absorbance at 584 nm (A& of FRP formed by (a) SDH in single pericentral hepatocytes and (b) LDH in single penportal 
hepatocytes as a function of incubation time. Absorbances were determined at 10 s intervals using an ARGUS-100 image analysis system. x, 
O= uncorrected activities; A= 'nothing dehydrogenase' actMty; 0, += activities corrected for 'nothing dehydrogenase' by subtracting A from x and at 
each time point. pH 7.5, 37 'C. (a) 8 pm-thick sections, 20 mM succinate, 1.6% LGT agarose gel films. Regression lines for SDH are drawn for 
incubation times (1) between O and 20 s and correspond to A,,- 0.2561 + 0.0383 (r= 0.998, p< 0.05. r>= 3) for uncorrected SDH, A5#= 0.02221 + 
0.0392 (e 0.999, pc 0.05, n= 3) for anothing dehydrogenase~ and A58& 0.2341 - 0.000918 (r= 0.998, p< 0.05, n= 3) for corrected SDH. Their initial 
velocities v,correspond to the gradients of these equations. (From Nakae and Stoward, 1992). (b) 4 pm sections, 70 mM L-lactate, 0.8% agarose gel 
filrns. The straight line drawn for incubation times behwen 1 and 3 min is the linear regression of A5& on time. Above 3 min, the reaction becomes non- 
linear. The gradients of the plots for incubation times betwen O and 10 s (dotted lines) were assumed to be the observed initial velociües. (From Nakae 
and Stoward, 1993a). 
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Vogels, 1989b). Similar kinds of plots have been 
obtained for the LDH reaction in mouse cardiac and 
skeletal muscle fibres, gastric parietal cells, oocytes, 
duct epithelial and acinar cells of the parotid gland, and 
human hepatocytes (Nakae and Stoward, 1994a,b). 
Hence the initial velocity of the LDH reaction is 
approximated by the following equations (Nakae and 
Stoward, 1993a,b, 1994a,b) 

where a and a2 are constants characteristic for each cell 
type and are respectively in the range 2.2 - 3.0 and 1.2- 
2.2 (Table 2) (Nakae and Stoward, 1994a). The mean 
differences (%), irrespective of sign, dí and d2, between 
the observed vi and the vi calculated from equation 1 and 
equation 2 respectively (v.] and vi2) for various cell 
types are also shown in ~ a b l e  2. The means of di and d2 
for eight different cell types are 16 and 11% respectively. 
The close agreement between the obsewed vi and the vi 
calculated from equations 1 and 2 for mouse hepatocytes 

are shown in Figs. 7a,b. 
The calculated initial velocities vil and vi2 of the 

LDH reaction in situ, but not the steady-state velocity v, 
are proportional to the thickness of a tissue section, that 
is the total arnount of the enzyme in the section (Fig. 8) 
(Nakae and Stoward, 1993a.c). This emphasizes the 
importance of determining initial velocities in 
quantitative histochemical assays of enzyme activities 
(Nakae and Stoward, 1993~). 

Michaelis constant and maximum velocity 

Fig. 9 shows the dependence of the calculated initial 
velocity v.2 of the intrinsic LDH reaction corrected for 
'nothing dehydrogenase7 in single cardiac muscle fibres 
of mouse on substrate (L-lactate) concentration (S) 
(Nakae and Stoward, 1994b). The vi2 was calculated 
using equation 2 from the data obtained with the gel film 
technique and an ARGUS-100 image analysis system. 
The initial velocity increases as the substrate 
concentration rises and approaches its maximum value at 
lactate concentrations higher than 50 mM. Inhibition of 
LDH by the substrate does not occur at lactate 

Fig. 6. Regression of (a) obsewed initial velocities (vi) and (b) (v,- v) on intercepts "A of LDH absorbance-incubation time plots for mouse periportal 
and pericentral hepatocytes. x= no substrate (¡.e. 'nothing dehydrogenase'). 0.8% LTG agarose gel films, pH 7.5, 37 "C. O= 4 pm sections (L-lactate 
concentrations= 0.07-70 mM). Semi-filled circles= 7 Fm sections (L-lactate concentrations= 0.0175 - 14 mM). O= 14 p sections (substrate 
concentrations as for 7 pm secüons). Each point is the mean for 10 hepatocytes around the same blood vessel. The solid regression lines in (a) and (b) 
correspond to the equations vi= 2.71 "A + 0.0230 (e 0.980, pc 0.001, n = 71) and vi - E 2.16 "A + 0.00127 (r= 0.967, pc 0.001, n = 71) respectively. 
The dotted lines show 95% confidente limits to the regression estimates. (From Nakae and Stoward, 199%). 
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Table 2. Constants a l  and a2 ISEM determined from linear regression plots of vi on "A and those of (vi- v) on "A respectively, and mean differences 
(%), irrespective of sign, di and d2, between obsewed vi and vi calculated from eq. 1 (vi =al0A) and eq. 2 (vi =v + a2*A) respectively. The correlation 
coefficients (rl and r2) of the two plots are highly significant (pc0.001) for al1 cell types. enumber of sections. (From Nakae and Stoward, 1994a). 

SPECIES ORGAN CELL al r 1 di a2 r2 ('2 n 

Mouse Heart Muscle fibre 

Gastrocnemius Muscle fibres 

Stomach Parietal cell 

Parotid gland Striated ductal cell 
Acinar cell 

Ova9 oocyte 
Liver Periportal and 

pericentral hepatocytes 

Human Liver Periportal hepatocyte 

Table 3. Mean kinetic constants I SEM of LDH (against L-lactate) calculated from Hanes plots. The correlation coefficients (r)  of the Hanes plots were 
al1 highly significant (pc0.001) except for '(JJC0.005) and "@<0.02), n=number of experimental points. Obsewed initial velocities (v,* in the presence 
of 70 mM lactate are included for comparison with V,, (From Nakae and Stoward, 1994b). 

-- 

SPECIES ORGAN CEU VARIABLE Km Vm vIh r n 
(mM) (~oles/cm3/min) (~moles/cm3/min) 

Mouse Heart Muscle fibre v 9.6911.17 3421.6 0.972 
Vi i 23.533.1 66.4362 61I4 0.897 30 
Ve 13.411.5 67.513.7 0.961 

Gastrocnemius Small fibre v 
Vi i 
vi2 

Intermediate fibre v 
Vi i 
vi2 

Large fibre v 
V i l  

"2 

Stomach Parietal cell 

Parotid Striated ductal cell v 
Vi i 
vi2 
v 
Vi i 
vi2 

Acinar cell 

Ovary 

Liver Periportal hepatocyte v 
vi 1 
"2 

Pericentral hepatocyte v 
vi 1 

vi2 

Human Liver Periportal hepatocyte v 
V i l  

vi2 
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concentrations up to at least 70 rnM (Fig. 9). The steady- S/vi2 against S for the LDH reaction in cardiac muscle 
state velocity v and the calculated initial velocity vil fibres are shown in Fig. 10. The negative intercept of the 
show the same dependence on substrate concentration as linear regression line on the abcissa in this Figure 
vi2 (Nakae and Stoward, 1994b). Hanes plots (1932) of corresponds to the apparent Michaelis constant, Km 

Fig. 7. Relationships between observed vi and vi calculated from (a) equation 1 (vi= 2.71°A) and (b) equation 2 (vi= v+2.16 "A) for LDH ln mouse 
periporial and pericentral hepatocytes. Experimental conditions and symbols as in Fig. 6. The regression (solid lihes) fit the equations v&= 0 . 9 6 8 ~ ~ ~ ~ -  
0.00533 (r= 0.980, p< 0.001, n = 71) and vmk = 0 . 9 7 8 ~ ~  + 0.00999 (k0.978, p< 0.001, n = 71) for (a) and (b) respectively, where vmk and voh are 
the calculated and observed v, respectively. 

O 1 2 3 4 5 6 7 8  
Microtome setting ()rm) 

O 2 O 4 O 6 0 8 O 
Subst ra te  conc.  (mM)  

Flg. 8. Highly significant correlation between calculated vi for LDH in Fig. 9. Dependence of the initial velocity vi* on the intrinsic (corrected) 
periporial hepatocytes and section thickness, d (microtome setting). LDH reaction in mouse cardiac muscle fibres on substrate 
0.8% LTG agarose gel films, 70 mM L-lactate. pH 7.5, 37 'C. Each point concentration. 4 pm sections, 0.8% LGT agarose films. pH 7.5, 37 "C. 
is the mean for 3-10 hepatocytes. The regression oí vi on d fits the The curve is the best-fit calculated using Km and Vmm values 13.4 mM 
equation vi = 0.0781 d + 0.0230 (r= 0.931, pc 0.001, n= 14). O= vi and 0.432 absorbance unitslmin respectively and the Michaelis-Menten 
calculated from vi = 2.71 "A; = vi calculated from vi = v + 2.16 "A. equation. (From Nakae and Stoward, 1994b). 
(From Nakae and Stoward, 1993a, c). 
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(Michaelis and Menten, 1913). The gradient of the 
regression line is the reciprocal of the maximum initial 
velocity (V,,) corrected for 'nothing dehydrogenase'. 
The apparent Km and V,, values of LDH in various cell 
types, determined from linear regression analysis of 
Hanes plots of S/v, S/vil and S/vi2 against S, are 
summarised in Table 3 (Nakae and Stoward, 1994b). The 
higher correlation coefficients of the Hanes plots for al1 
cell types using vi2 compared to vil, the significantly 
lower SEM of Km and V,, using vi2 compared to vil 
(Table 3) and the higher dl compared to d2 (Table 2) 
indicate that the observed initial velocities of the LDH 
reaction fit equation 2 better than equation 1 (Nakae and 
Stoward, 1994b). 

The Km values of the intrinsic LDH in al1 cell types 
except hepatocytes are similar when determined from 
the apparent steady-state velocities but diverse when 
determined from vi2. The significantly different Km 
values determined from v and vi2 suggest that Km values 
should be determined from initial reaction velocities and 
not from steady-state velocities. 

lnterpretation of kinetic constants 

al and a2 

The constants al and a2 (Table 2) determined from 
the linear regression plots of the observed vi on "A and 
those of (vi - v) on ' A  respectively for the LDH reaction 
in a particular cell do not seem to be related to the LDH 
isozyme composition of the cell. On the contrary, they 
appear to depend more on the extent to which the 
enzyme diffuses out of cells during its assay on gel 
substrate films, or conversely on the properties of the 
activity of insoluble LDH bound to mitochondria and 
other intracellular components (Nakae and Stoward, 
1994a). Evidence for the lack of correspondence of al 
and a2 with isozyme composition is the similar low 
values of al and a2 in skeletal and cardiac muscle 
fibres. Skeletal muscle contain principally M-type LDH 
(Markert and Ursprung, 1962; Costello and Kaplan, 
1963; Ohashi, 1966; Battellino and Blanco, 1970; Lluis, 
1985; Reid and Masters, 1985b) but cardiac muscle H- 

- 2 O O 20 4 0  6 O 80  
Substratc  conc. (mM)  

Fig. 10. Hanes plot of the data in Fig. 9. S= substrate concentration. 
The drawn line is a linear regression best-fit and gives Km and V,, 
values of 13.4 mM and 0.432 absorbance unitslmin respectively. 

type LDH (Markert and Ursprung, 1962; Costello and 
Kaplan, 1963; Battellino and Blanco, 1970; Hori et al., 
1970) and yet their a2 values are both low. Conversely, 
mouse and human hepatocytes which have high a2 
values also contain mostly M-type LDH like skeletal 
muscle fibres (Wróblewski and Gregory, 1961; Markert 
and Ursprung, 1962; Costello and Kaplan, 1963; Ohashi, 
1966; Shaw, 1969; Battellino and Blanco, 1970; Hori et 
al., 1970; Reid and Masters, 1985b). 

On the other hand, cells with low values of a2 appear 
to contain a significant proportion of their LDH bound to 
mitochondria, as  has been demonstrated by both 
histochemical (Van Wijhe et al., 1964; Fahimi and 
Karnovsky, 1966; Baba and Sharma, 1971) and 
biochemical (Lluis, 1984, 1985; Pruñonosa et al., 1989; 
Sagristá et al., 1989; Szcgesna-Kaczmarek, 1990) 
techniques. Similarly, mouse cardiac muscle cells with a 
mitochondrial volume density in the range 35-48% 
(Herbener, 1976; Kainulainen et al., 1979; Else and 
Hulbert, 1981) are also likely to have much of their LDH 
activity associated with mitochondria (Baba and Sharma, 
1971). Some of the LDH in both skeletal and cardiac 
muscle fibres may actually be cytosolic, but it is 
believed that it interacts with mitochondria (Van Wijhe 
et al., 1964; Fahimi and Karnovsky, 1966; Baba and 
Sharma, 1971; Lluis, 1984, 1985; Pruñonosa et al., 
1989), sarcoplasmic reticulum (Fahimi and 
Amarasingham, 1964; Fahimi and Karnovsky, 1966; 
Baba and Sharma, 1971), isotropic bands (Pette and 
Brandau, 1962; Fahimi and Amarasingham, 1964; 
Dolken et al., 1975), 2-band regions (Van Wijhe et al., 
1964; Fahimi and Karnovsky, 1966; Dolken et al., 1975), 
troponin (Yasykova et al., 1990) and reconstituted thin 
filaments (Masters, 1981, 1992). These interactions may 
lessen or protect the enzyme from diffusion out of cells 
during its histochemical assay. Likewise, the low values 
of al and a2 for oocytes and parietal cells, the cytoplasm 
of which d~splays strong LDH activities similar to those 
reported by h p k i n  et al. (1966) and Asoo (1969), may 
be attributed to LDH present in, or bound to, 
mitochondrial clusters (Zamboni, 1970; Wassarman and 
Josefowicz, 1978; Helander et al., 1986; Van Blerkom 
and Bell, 1986). 

In contrast, the relatively high values of al and a2 for 
hepatocytes can be attrributed to the higher cytosolic 
LDH and lower rnitochondrial LDH activity (Elduque et 
al., 1982; Reid and Masters, 1985b; Kline et al., 1986; 
Brandt et al., 1987; Sagristá and Bozal, 1987; Sanz and 
Lluis, 1988; Sagristá et al., 1989; Sanz et al., 1990). 
Parotid gland duct epithelial cells also have high a2 
values. These cells have parallel arrays of mitochondria 
in their basal infoldings (Parks, 1961), but the uniformly 
strong LDH activity observed in their basal and apical 
cytoplasm suggests the activity is equally distributed in 
the cytosol and mitochondria. 

Biochemcial studies indicate that inhibition of the 
LDH reaction by pyruvate is much greater in crude 
extracts and purified H4 isozyme from cardiac muscle 
than for crude extracts and purified M4 isozyme from 
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Table 4. Apparent Michaelis constants (against succinate) of soluble and rnernbrane-bwnd succinate dehydrogenase frorn rnarnmalian livers. (Frorn 
Nakae and Stoward, 1992, with slight modification). 

SPECIES pH TEMPERATURE ELECTRON ACCEPTOR Km (mM) ASSAY METHOD 

m Soluble Membrane-bound 

REFERENCE 

Ackerrnann and Potler,l949 Rat 7.4 38 0.0133rnM 
cytochrorne c 

la Biochernical 

Histochernical Butcher, 1970 
Butcher, 1970 

Susheela et al., 197i 

Wei et al., 1984 

0.66 rnM PMS 

1 .O9 rnM PMS 
Histochernical 
Biochemical 

0.lrnM 
cytochrorne c 

1.62 rnM PMS 

Biochemical 

Biochemical Velez et al., 1985 

Biochemical Rao and Swami, 1969 Sheep 6.5 

Hurnan 7.5 1mM PMS Biochemical Shaw et al., 1981 

Mouse 7.5 37 0.26rnM PMS 1.2b. 1.4C Histochemical Nakae and Stoward, 1992 

NT: neotetrazoliurn salt (without PMS as an intermediate acceptor); PMS: phenazine rnethosulphate; a: K, value; b: for periportal hepatocytes; C: for 
pericentral hepatocytes. 

skeletal muscle (Latner et al., 1966; Stambaugh and 
Post, 1966). If the non-linearity of the activity curves of 
LDH during the first minute of incubation is due to 
product inhibition by pyruvate, then the al and a2 values 
for cardiac muscle fibres should be higher than those for 
skeletal muscle fibres and hepatocytes. However, the a, 
and a2 values for cardiac and skeletal muscle fibres are 
actually lower than those for hepatocytes (Table 2). 
Thus, the non-linearity of the LDH activity does not 
seem to be attributable to product inhibition. 

muscle fibres (0.31 - 1.35 m . ;  Nakae and Shono, 1984; 
Blanco et al., 1988; Old and Johnson, 1989) and 
hippocampus (0.56 mM; Kugler, 1988) determined 
histochemically in aqueous media are also similar to 
those determined biochemically. Weiss and Deichsel 
(1978) and Kugler (1981) found the Km for SDH in 
kidney cells was 1.05 and 1.75 m M  with a semi- 
permeable membrane technique and a gel sandwich 
technique respectively. 

The V values that we have found are higher than 
the ~ - 3 u e s  reported previously for rat liver (Nakae 
and Stoward, 1992): 1.5 times higher than Butcher's 
(1970) value, about 10-fold more than that reported by 
Nolte and Pette (1972a), and 18 times higher than that 
deterrnined by Van Noorden and Vogels (1989b). 

The ratio of the mean Vm, of SDH in periportal 
hepatocytes to that in pericentral hepatocytes is 1.4 
(Nakae and Stoward, 1992). This value agrees with the 
corresponding ratio (1.58) for the activity reported for 
the adult male rat by Nolte and Pette (1972a), but differs 
from the activity ratio (1.91) found by Wimmer and 
Pette (1979) for liver of male rats of a different strain. 
The two lower values (1.4, 1.58) correlate with the ratio 
of 1.5 for the mitochondrial volume density in mouse 
periportal hepatocytes to that in the pericentral 
hepatocytes (Asada-Kubota et al., 1982). Hence, it is 
conceivable that the same kind of SDH molecule is 
distributed to the same density in the mitochondrial inner 
membranes of the two kinds of hepatocytes (Nakae and 
Stoward, 1992). 

In situ Km values of LDH in various cell types (Table 
3) have been discussed in detail by us elsewhere (Nakae 
and Stoward, 1994b). The Km value (13.4 mM) of the 
intrinsic LDH reaction in cardiac muscle cells 
determined from vi2 (see p. 469) is significantly higher 
than the Km for small and large muscle fibres of 

The following mean kinetic constants have been 
determined for SDH from Hanes plots of the initial 
velocities measured using the gel film method and an 
ARGUS-100 image analysis system (Nakae and 
Stoward, 1992). For periportal hepatocytes, the apparent 
Km is 1.2f0.8 mM and Vm, 29I2 pnoles hydrogen 
equivalents formed/cm3 hepatocyte cytoplasm/min. For 
pericentral hepatocytes, Km is 1.4f 1 .O mM and Vm, 
21f2 pnoles hydrogen equivalents/cm3/min. There is no 
significant difference between the Km values for 
periportal and pericentral hepatocytes. These K values 
are very similar to those determined previougy from 
biochemically assays, as shown in Table 4 (Nakae and 
Stoward, 1992). The K ,  values determined bio- 
chemically for solubilized SDH (0.095-0.65 mM) are 
lower than those for membrane-bound SDH (0.42-2.5 
mM). Km values determined in situ by Butcher (1970) 
and Nakae and Stoward (1992) are 1.2, 1.4 and 1.54 mM 
and are in the latter range. The agreement is fairly close. 
However, the Km value (6.5 mM) determined 
histochemically in PVA-containing medium in the 
presence of phenazine methosulphate (Butcher, 1970) is 
considerably higher. Km values for SDH in skeletal 
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gastrocnemius, gastric parietal cells, oocytes, and ductal 
and acinar cells of the parotid gland, but similar to those 
for hepatocytes and intermediate fibres of gastrocnemius 
(Table 3). The Km we found (14.0-14.2 rnM) for LDH in 
human periportal hepatocytes is in good agreement with 
the values (14.3-15.5 mM) determined previously with a 
biochemical assay technique (Nisselbaum and Bodansky, 
1963; Nisselbaum et al., 1964) for human M4 isozyme, 
which is the main component of liver LDH (Wróblewski 
and Gregory, 1961; Markert and Ursprung, 1962; 
Coste110 and Kaplan, 1963; Battellino and Blanco, 
1970). The range of Km determined from vi 
measurements for mouse periportal and pericentrai 
hepatocytes, 14.2- 14.3 mM and 12.1-16.7 mM 
respectiveIy (Nakae and Stoward, 1993b, 1994b), are 
remarkably similar to the human Km values, but are 
considerably higher than the value of 5.5 mM found 
previously for the mouse M4 isozyme in vitro (Battellino 
and Blanco, 1970). The three-fold discrepancy between 
the in situ and in vitro values could be due in part to the 
different assay conditions used (e.g. pH, temperature, 
ionic strength) but it is unlikely that any such differences 
account for the magnitude of the discrepancy. 

The mean Km value of LDH derived from vi2 in three 
types of skeletal muscle fibre in mouse gastrocnemius is 
11.3 mM (Table 3). This is similar to the K value (12.5 
mM) of the M4 isozyme from bovine skenfetal muscle 
(Pesce et al., 1964, 1967) but disagrees with the Km 
values of 3.9 and 5 mM for M4 isozymes isolated from 
skeletal muscles of the mouse (Hawtrey et al., 1975) and 
pig (Bennett and Gutfreund, 1973) respectively and with 
the Km values (20 and 30 mM) determined previously 
with a histochemical method for LDH in two fibre types 
of human skeletal muscle (Wachsmuth, 1980). 
Nitisewojo and Hultin (1976) reported that the Km value 
of chicken LDH M4 isozyme for pyruvate is double 
when it is bound to the cellular particulate fraction of 
homogenized skeletal muscle. Therefore, it is reasonable 
that the K value determined biochemically for the 
soluble LD% purified from mouse skeletal muscle is 
roughly half compared to the corresponding value 
determined in situ. 

The K value determined from vi2 for mouse cardiac 
muscle Ebres (13.4 mM) is close to the K, for 
hepatocytes (14.3-16.7 mM), but is significantly higher 
than the Km for small and large muscle fibres of 
gastrocnemius (10.4-10.9 mM), gastric parietal cells (9.7 
mM), ductal and acinar cells of the parotid gland (7.7 
mM) and oocytes (8.0 mM) (Table 3). Previous 
biochemical studies have reported that the Km values of 
LDH H4 isozymes isolated from hearts of mammalian 
species are in the range 2-9 mM (Nisselbaum and 
Bodansky, 1963; Nisselbaum et al., 1964; Pesce et al., 
1964, 1967; Battellino et al., 1968; Battellino and 
Blanco, 1970; Südi, 1974; Hawtrey et al., 1975). The Km 
value we determined in situ for cardiac muscle fibres 
disagrees with these values. Therefore, it seerns that the 
kinetic behaviour of LDH in situ in cardiac muscle fibres 
is different from that of isolated LDH from these cells. 

Everse and Kaplan (1973) reported that a significant 
proportion of LDH in fresh heart extracts is present in an 
inactive form, presumably the abortive enzyme-NAD+- 
pyruvate complex. These results suggest that ideally 
enzyme activity should be measured both in situ and in 
vitro in order to determine its actual physiological 
function in the cell. There is also the possibility that 
some LDH in cardiac muscle fibres interacts with 
mitochondria in situ (Baba and Sharma, 1971) and that 
the Km value of the bound form is higher than that of the 
soluble form (Nitisewojo and Hultin, 1976). 

The K values cited here for LDH in mouse gastric 
parietal cals. oocytes. and ductal and acinar cells (in the 
range, 7.6-9.7 mM, Table 3) are slightly higher than the 
Km values of H4 isozymes from mammalian species 
determined biochemically (Nisselbaum and Bodansky, 
1963; Nisselbaum et al., 1964; Pesce et al., 1964, 1967; 
Battellino et al., 1968; Battellino and Blanco, 1970; 
Südi, 1974; Hawtrey et al., 1975). Since the LDH 
isozymes in mouse stomach, ovary and parotid gland are 
principally the H-type, M-type and M-type respectively 
(Markert and Ursprung, 1962; Battellino and Blanco, 
1970; Masters, 1981), it is unlikely that the wide 
variation of Km in other cell types can be attributed 
solely to differences of isozyme composition. Instead, it 
is more probable that the variations are due to 
intrinsically different kinetics, substrate binding and 
intracellular localization of the enzyme in a variety of 
cell types. 

The wide range of V,, determined from Hanes plots 
of vi2 also reflects the diverse kinetics of LDH in 
different cell tyeps (Table 3). They range from 
29 pmoles hydrogen equivalents formed/cm3 cell 
cytoplasmlmin units in mouse parotid gland acinar cells 
to 59-68 units in skeletal and cardiac muscle fibres, 62- 
65 units in gastric parietal cells and oocytes, and 102- 
110 units in hepatocytes. With the exception of skeletal 
muscle fibres, the mean V,, values for LDH in each 
cell type are, on average, about 9% higher than the 
corresponding mean observed initial velocities (viobs). 
The differences between the two values are not 
significant. In contrast, Vm in skeletal muscle fibres 
are significantly higher %an the observed initial 
velocities by, on average, 25%. 

The steady-state activities of LDH in situ in mouse 
skeletal muscle (Altman, 1978), rat cardiac muscle 
(Altman, 1978; Butcher, 1983; Van Noorden and Vogels, 
1989b) and rat liver (Altrnan, 1978; Van Noorden and 
Vogels, 1989b) determined with assay media containing 
PVA are 4 - 41% of the observed initial activity (viobs) 
we obtained with a gel film technique (Table 3) (Nakae 
and Stoward, 1994a). The difference is explained in part 
by the fact that we determined initial reaction velocities, 
which are 2-3 times higher than the steady-state 
velocities generally reported. However, the lower rates 
obtained using the PVA media may also be due to either 
a reduction of the diffusion constants of substrate and 
other reactants in the media (Ogston et al., 1973), or to 
inhibitions of the activities by PVA itself (Van Noorden 
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and Vogels, 1989a). 
The sirnilarity of the V,, of LDH in male mouse 

periportal and pericentral hepatocytes as shown in Table 
3 accords with the data, also obtained with a gel film 
method, reported for rat liver by Nolte and Pette (1972a) 
and Bengtsson et al. (1981) but not with other studies 
published previously. Wimmer and Pette (1979), for 
example, claimed that the mean LDH activity in rat 
periportal hepatocytes was 32% higher than that in 
pericentral hepatocytes; Morrison et al. (1965) claimed 
that it was 58% higher, Shank et al. (1959) 80% higher, 
and Katz (1989) 30-80% higher. 

In general, Km values determined histochemically in 
media containing PVA as a tissue protectant are up to 10 
times higher than those determined biochemically in 
media without PVA (Butcher, 1970; Robertson et al., 
1982; Sinowatz et al., 1983; Van Noorden and Butcher, 
1986; Van Noorden and Jonges, 1987; Van Noorden, 
1988; Jonges and Van Noorden, 1989). Van Noorden and 
Vogels (1989a) claimed that the higher Km values in situ 
arise either from the cellular microenvironment of the 
enzymes or from reductions of the diffusion constants of 
the substrates and other reactants in the PVA media 
(Ogston et al., 1973). On the other hand, there are 
reports where Km values determined histochemically and 
biockmically agree (Gutschmidt et al., 1979; Kugler, 
1981; Stoward and Al-Sarraj, 1981; Nakae and Shono, 
1984; Gordon and Robertson, 1986; Blano et al., 1988; 
Frederiks and Marx, 1988; Old and Johnson, 1989; 
Jonges et al., 1990, 1992; Nakae and Stoward, 1992, 
1993b, 1994b). In most of these studies, the Km values 
were determined in situ in the absence of PVA. There is 
thus a need to determine the kinetic parameters of the 
same enzymes in situ with different histochemical 
techniques and compare the results. 

Conclusions 

The coincidence of the orders of magnitude of Km 
values determined histochemically with the gel film 
technique and biochemically in aqueous media confms 
that the Michaelis-Menten kinetics (1913) established 
from studies in solution can be applied in the same way 
to enzyme reactions in situ. The diversity of the values 
of al, a2, Km and V in different cell types described 
in this review c o n c m s  the unique contribution of 
quantitative histochemistry for indicating that the 
metabolism of the same enzyme system in different cells 
in situ is heterogeneous, even in cells of the same type 
within the same organ (e.g. periportal and pericentral 
hepatocytes). Although severa1 biochemical and 
histochemical studies have recognised that the kinetics 
of an enzyme in situ may differ from those in a dilute 
homogenate (e.g. Reid and Masters, 1985b; Swezey and 
Epel, 1986; Pagliaro and Taylor, 1988; Lawrence et al., 
1990; Jonges et al., 1992), others have not appreciated 
that this may be responsible for the cellular 
heterogeneity or zonation that exists in tissues such as 
the liver (Katz, 1989; Jungermann and Katz, 1989; 

Gebhardt, 1992). The data and approach referred to this 
review are a step toward bridging this gap. 
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