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Summary 

Starting from a previously described prototype microspectrofluoro- 
meter a more versatile apparatus has been developed with rapid optional 
operation on a topographic mode for the simultaneous multisite evaluation 
of NAD(P) reduction-reoxidation transients or on a spectral mode for the 
analysis of natural and exogenous fluorochromes, in single living cells. On 
the topographic mode, a detailed kinetic analysis of NAD or NAD P-linked 
dehydrogenases can be made from 50--100 cell points simultaneously via 
automatic recording of topographic scans up to 16 times a second, in 
correlation with microelectrophoretic intracellular injection of metabolites 
(e.g. nearly immediate response to glucose 6-phosphate, 20--25 s delay for 
6-phosphogluconate). Rapid shifts from topographic to spectral operation 
make possible the detection of a change in fluorescence intensity at a 
specific intracellular site and the immediate verification of its nature 
(NAD(P)H or exogenous fluorochrome) by spectral observation, 

Multichannel microspectrofluorometry [ 1,2 ] with low-light-level 
camera tubes has allowed the study of metabolic transients, e.g. NAD(P) 
reduction-reoxidation, due to intraceUular microelectrophoretic addition 
of metabolites, e.g., glucose-6-P. The method exhibited capability in the 
detection of biochemical interactions throughout the living cell simultaneously, 
also in correlation with intracellular topography (i.e. topographic mode} or 
spectral properties of the emission associated with intracellular fluoro- 
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chromes (i.e. spectral mode).  
While the original p ro to type  of  the microspectrof luorometer  [ 3,4] 

helped to  establish the principle of  such determinations at high temporal  (e.g. 
32 ms) or structural resolutions (e.g. a few ~m cell regions), the transition 
from a spectral to a topographic model  of operation (or vice versa) was 
elaborate with limitations in spectral resolution and topographic imaging on 
detector  elements. This necessitated the development  of  a more versatile 
system, (Figs 1A and B) with rapid optional transitions from topographic 
to spectral mode (or vice versa). The spectral and/or  the structural resolution 
was pushed to the limits of  detect ion in terms of  quantum noise, as will be 
described below. 

The fluorescence excitation and the microscopic arrangement, down to 
the image plane at the camera aperture of  the Leitz-Ultropak-Unitron system 
used for such studies, has been reported earlier [5] .  The magnification is 
225 X : (75 X ) objective and a 3 X lens for the formation of  the secondary 
image. A rectangular diaphragm adjustable along two perpendicular coordinates 
from 10 mm to 50 gm is placed in the image plane to function as a slit 
{Fig. 1A). This slit is perpendicular to the unilinear multichannel array of the 
low-light level camera tube  for operation in the spectral model and parallel to 
the channel array for the topographic mode (Fig. 1B). Following the slit, a 
160 mm lens is placed in the optical path at such distance that  the image in 
the slit corresponds to the focal plane of  the lens. A focusing moun t  provides 
range for adjustment.  A wheel with five turrets rotates past the lens to 
allow optically centered alignment for five possible options: Amici prisms of  
different resolutions are mounted  in four of the turrets, thus providing a range 
of spectral options;  the fifth turret  has no prism and provides the topographic 
option. The wheel is followed by  a Schneider-Varagon zoom lens set to 
infinity and with a focal length from 16 to 80 mm. 

The detector  front is placed on the image plane of  the zoom. The 500 
detector  channels arranged on a unilinear array have a width of  25 ~m each 
and a length of  5 mm (half of  the length is left in the dark, for automatic sub- 
traction of the dark current  signal). 

A system of "de ten tes"  permits the setting of  the zoom at focal lengths: 
16, 20, 25, 35, 50, 65, and 80 mm which correspond to  demagnifications of 
10, 8, 6.4, 4.6, 3.2, 2.5, and 2, with respect to the :fluorescence image at the 
slit. Thus, on the topographic opt ion the structural resolution of cell elements 
viewed by  individual channel elements may be adjusted by the zoom lens; on 
the spectral mode  the dispersion depends upon the choice of  the Amici prisms 
and the setting of  the zoom. 

On the topographic mode with 225 X magnification on the microscopic 
system, a 10 mm slit parallel to the channel array corresponds to a cell region 
measuring 10000/225  = 44 pm. With the zoom set at 80 mm i.e. a demagnifi- 
cation of  2 f rom microscopic image plane to zoom image plane, 44 ~m in the 
microscopic field will correspond to 5 mm (or 5000 ~m) on detec tor  channels, 
i.e. 44 ~m cell region will fall on 5000/25  = 200 channels. The cell region 
viewed by  each channel will correspond to a strip about  0.2 #m wide (the 
strip length being determined by the setting of  the slit in the coordinate 
parallel to channel length, i.e. perpendicular to channel array). 
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Fig.1. (A)  S c h e m a t i c  d i a g r a m  of  the  opt ica l  a r r a n g e m e n t  for  op t iona l  o p e r a t i o n  on  t o p o g r a p h i c  or  
spect ra l  m o d e .  T he  ad jus tab le  r e c t a n g u l a r  slit is p l aced  on  t h e  image  p lane  of  t h e  mic roscop ic  ar range-  
m e n t  ( L e i t z - U l t r o p a k  m o u n t e d  on  U n i t r o n  i nve r t ed  meta l lu rg ica l  m i c r o s c o p e )  for  the  m i c r o s p e c t r o -  
f l u o r o m e t e r .  The  v i ew  o f  t he  cell  a t  the  ima ge  p lane  a nd  the  slit pos i t ion  are  s h o w n  for  b o t h  m o d e s  of  
ope ra t ion .  T he  160  n m  lens is p l aced  on  the  opt ica l  p a t h  a t  such  d i s tance  t h a t  t h e  imag e  in the  slit 
c o r r e s p o n d s  to  t he  focal  p lan  of  t he  lens. The  whee l  w i th  the  d i f f e r en t  o p t i o n s  inc ludes  five tur re ts ,  
each  one  of  w h i c h  m a y  be  a l igned  on  the  op t ica l  p a t h  a t  will. F o u r  of  the  tu r re t s  inc lude  Amic i  pr i sms 
of  d i f f e r en t  r e so lu t ion ,  thus  p rov id ing  a range  of  spec t ra l  opt ions .  Th e  f i f th  t u r r e t  has  no  pr i sms  and  
p rov ides  t he  t o p o g r a p h i c  op t ion .  The  t o p o g r a p h i c  or  spect ra l  f luorescence  imag e  is focused  on  the  
uni l inear  channe l  a r r ay  o f  t he  d e t e c t o r ,  S IT  = si l icon in tens i f i ed  tube .  Th e  t o p o g r a p h i c  or  spec t ra l  
d ispers ion  is ad jus t ed  b y  t he  z o o m  wi th  focal  l eng th  f r o m  16 to  8 m m .  (B) Th e  imag ing  o f  the  slit on  
the  un i l inear  c h a n n e l  a r r ay  of  the  d e t e c t o r  (s i l icon in tens i f i ed  c a m e r a  t u b e )  fo r  o p e r a t i o n  on  topo-  
graphic  (parral le l  to  ch a nne l  a r r ay )  or  spec t ra l  ( p e r p e n d i c u l a r  to  ch an n e l  a r ray )  m o d e .  On the  le f t  
u p p e r  c o r n e r  t he r e  is a cross s ec t ion  of  the  f ive -op t ion  t u r r e t  a r r a n g e m e n t  (see Fig. 1A)  w h i c h  al lows 
the  pos i t ion ing  on  the  op t ica l  pa th :  e i the r  of  a Amic i  p r i s m  (B) of  se lec ted  : resolut ion for  spectra l  
o p e r a t i o n  or  o f  an  e m p t y  t u r r e t  (A)  fo r  t opog ra ph i c  ope ra t ion .  
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In the spectral mode, with the Amici prism exhibiting low dispersion 
the NAD(P)H emission from ~ 610 nm to 425 nm (maximum at ~ 470 nm)is 
dispersed on 37 channels for the zoom set at 16 mm and respectively 46, 58, 
810, 116, 150, 185 channels for settings at 20, 25, 35, 50, 65, and 80 mm. 
A slit setting of ~ 1.25 provides a spectral resolution comparable to that  
obtained with the prototype [3,4].  However, the slit may be set to 0.5 mm 
for cells with higher NAD(P)H fluorescence or having ~ accumulated fluoro- 
chromes with higher quantum yield (e.g. polycyclic hydrocarbons) in which 
case a spectral resolution of about  6 nm is obtained. 

With Amici prisms exhibiting larger dispersion, a larger port ion of the 
spectrum in the visible falls outside the 12.5 mm range covered by the 
500 detector  channels and a wedge of selected dioptry has to be placed on the 
light path to spread on detector  channels a selected portion of the spectrum. 
Wavelength calibration is made using standard spectral lines: e.g. mercury,  
helium, or mercury-neon emission. The first applications to a biological system 
were on EL2 ascites cancer cells studying the NAD(P)H transients which 
follow microelectrophoretic addition of substrate, e.g. glucose-6-P [8] or 
6-phosphogluconate [9] .  In the topographic mode when the cell is aligned 
in the microscopic field along the projection of the channel array, the  
multisite fluorescence image prior to addition of  substrate, reproduces the 
intraceUular fluorescence distribution in correlation with structural detail. 
Upon addition of substrate, a huge increase in fluorescence is noticeable, 
more prominent ly  in the nuclear region (Fig. 2). The performance of  the 
system has been considerably optimized as compared to the original instrument 
described before, in terms of number  of  cell sites simultaneously studied 
and signal-to-noise ratio (e.g. 10 to 1) for operation at max imum temporal  
resolution. The possibility to obtain multisite fluorescence images from 
50--100 points, up to 16 times a second in correlation with automatic data 
recording, make possible the simultaneous detailed kinetic analysis of  NAD 
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Fig.2. T o p o g r a p h i c  f l u o r e s c e n c e  curves  o f  an  E L 2  cell ,  spread o n  ~ 1 6 0  d e t e c t o r  channeis :  A ( b e f o r e  
m i c r o e l e c t r o p h o r e t i c  in t race l lu la r  m i c r o i n j e c U o n  o f  gluoose-6-P),  B: ~ 5 s a f t e r  ~ucose-6-P .  T h e  near ly  
ver t ical  rise and d e s c e n t  o n  b o t h  s ides  o f  t h e  curve  c o r r e s p o n d  t o  t h e  slit  edg es  w h i c h  delLm/t the  
m i c r o s c o p i c  reg ion  v i e w e d  b y  th e  d e t e c t o r  channels .  I c o u n t  ~ 1 p h o t o e l e c t r o n .  T h e  h u g e  mul t i -  
chan ne l  (mul t i s i t e )  r e sponse  to  glucose-6-P ( N A D ( P )  r e d u c t i o n  is seen).  S imi la r  cha ng es  w e r e  o b t a i n e d  
in a b o u t  50 cells. 
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or NAD(P)-!inked dehydrogenase reactions throughout the cell. Thus, both 
on the topographic and spectral mode, as compared to the nearly immediate 
NAD reduction by glyceraldehyde phosphate dehydrogenase [10] observed 
upon addition of glucose-6-P (Fig. 3), a biphasic response (small initially, 
and larger 15--20 s later) is noticeable with the NAD(P)-linked substrate 
(6-phosphogluconate) of the hexose monophosphate shunt [11]. The 
possibility of rapid shifts from a topographic to spectral mode of operation 
or vice versa, makes feasible the topographic detection of a change in the 
intensity of fluorescence emission at a specific intracellular site and the 
immediate verification of its nature (exogenous fluorescent probes [1,12,14]) 
or NAD(P)H by spectral observation (or vice versa). 
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Fig.3. F luo re scence  spec t r a  o f  an  EL2  cell  r e c o r d e d  f r o m  ~ 426  n m  (channe l  340 )  to  ~ 6 0 8  n m  
(channe l  260) .  A = b e f o r e  i n t r acenu la r  m i c r o e l e c t r o p h o r e t i c  in j ec t ion  o f  glucose 6 - p h o s p h a t e ,  B I = 

5 s a f t e r  g lucose 6 -phospha t e ,  B I - -A  = d i f f e r ence  s p e c t r u m  (a f t e r  giucose-S-P min u s  b e f o r e )  a t  
5 s, B2- -A = d i f f e rence  s p e c t r u m  at  ~ 30  s ( s ta r t ing  regress ion  of  t h e  glucose-6-P response ,  i.e. 

reo~xidation N A D ( P ) - r e d u c e d  b y  subs t ra te ) .  1 c o u n t  ~ 1 p h o t o e l e c t r o n .  Th e  emiss ion  m a x i m u m  in B I 
is a t  ~ 470  nm .  T h e  cell was  g r o w n  for  5 days  in 10 -8  M d i b e n z o ( a , e ) f l u o r a n t h e n e ,  a c o n d i t i o n  w h i c h  
was  obse rved  to  e n h a n c e  the  c a t a b o l i s m  o f  m i c o r i n j e c t e d  giucose-6-P. H o w e v e r ,  s imilar  sp ec t r a  were  
o b t a i n e d  wi th  glucose-6-P in several  h u n d r e d  E L 2  cells u n d e r  var ious  condl t lons .  
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