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PETER MELZER l , HENDRIK VAN DER LOOS 1, JOSEF DORFL 1 , EGBERT WELKER I , 
PHILIPPE ROBERT 2, DANIEL EMERY 2,* and JEAN-CHARLES BERRINI 2,** 

1Institute of Anatomy, University of Lausanne, Rue du Bugnon 9, 1005 Lausanne and 2Electrical Engineering Department, 
EPFL, Chemin de Bellerive 16, 1007 Lausanne (Switzerland) 

(Accepted February 12th, 1985) 

Key words: magnetic whisker stimulator - -  deoxyglucose autoradiography - -  albino mouse - -  somatosensory system - -  
whiskerpad - -  sensory trigeminal nucleus - -  barrelfield 

After receiving an intraperitoneal injection of [14C]2-deoxy-o-glucose (2-DG), a total of 28 mice which had pieces of metal wire 
glued to certain whiskers (all others were clipped) were exposed to magnetic field bursts. The stimulated whiskers were B1 (freely 
moving mice, set I) or whiskers C1-3 and E1 (restrained mice, set II) on the left side. In set I, stimulated mice were compared with ani- 
mals of various control groups. Autoradiography demonstrated an activation of columnar shape overlying the presumed correspond- 
ing barrel contralateral to stimulation; in a part of the ipsilateral barrelfield, 2-DG uptake was depressed significantly. In the subnuclei 
caudalis and interpolaris of the trigeminal brainstem complex a spot of activation was observed ipsilaterally but there was no depres- 
sion contralaterally. Whereas several animals of the control groups showed some aspects of these responses, they were consistent only 
in stimulated mice. In set II, animals received stimulation with different intensities. 2-DG uptake was higher in barrels C1-3 than in 
El.  It increased with increasing intensity. The same observations were made in two nuclei of termination. The device we describe here 
can be used to study stimulus-specific responses at various levels of the somatosensory pathway. 

INTRODUCTION 

This  s tudy was u n d e r t a k e n  to test  a dev ice  for  the  

se lect ive  s t imula t ion ,  o v e r  an e x t e n d e d  pe r iod  of  

t ime (45 min) ,  of  single or  mul t ip l e  vibr issae  of  f ree ly  

mov ing  or  res t ra ined  mice ,  wi th  s t imuli  of  which cer-  

tain p a r a m e t e r s  can be con t ro l l ed .  T h e  s t imulus  is a 

whisker  d i sp l acemen t  whose  r epe t i t i on  ra te  and av- 

e rage  ampl i tude  are  var iab le .  It  is g e n e r a t e d  by 

bursts of  a s inusoidal  magne t i c  field which acts upon  

one  or  m o r e  meta l  p ieces  g lued  on to  one  or  m o r e  

whiskers .  S t i m u l u s - e v o k e d  responses  in the  cent ra l  

soma tosenso ry  pa thway  were  s tud ied  with  deoxyglu-  

cose ( 2 - D G )  a u t o r a d i o g r a p h y  (Soko lo f f  et al.25). 

This pa thway  runs f rom the  wh i ske rpad  th rough  the  

t r igeminal  ne rve  into its pr inc ipal  sensory  nucleus  

and into the  subnuc le i  of  its spinal  t ract ;  the i r  p ro jec -  

tions cross the  mid l ine  and t e r m i n a t e  in the  v e n t r o b a -  

sal complex  of  the  tha lamus ,  which in turn  is recip-  

rocally c o n n e c t e d  with the  p r imary  s o m a t o s e n s o r y  

cortex.  In all these  regions ,  a r ep re sen t a t i on  of  the 

whiskerpad  had b e e n  d e m o n s t r a t e d  morpho log ica l ly  

and by e lec t rophys io log ica l  record ings  (for l i t e ra ture  

see J e a n m o n o d  et a1.11). In layer  IV of  the p r imary  

soma tosenso ry  cor tex ,  each  whisker  is r e p r e s e n t e d  

by a distinct m o r p h o l o g i c a l  s t ruc ture  (a ' ba r re l ' )  

which is c o m p o s e d  of  a 's ide ~ of  high neu rona l  densi ty  

sur rounding  a neurop i l  r eg ion  scarce  in somata ,  the  

'ho l low ' .  E a c h  barre l  is s epa ra t ed  f rom its ne ighbors  

by ' sep ta ' ,  p o o r  in somata .  The  big barre ls  corre-  

spond to the larger ,  cauda l  whiskers ,  and the  com-  

plete  set of  big barre ls  in one  h e m i s p h e r e  forms the 

pos t e romed ia l  barre l  subfield31 ( P M B S F ,  Fig. 1). 

The  topologica l ly  equ iva l en t  re la t ionsh ip  b e t w e e n  

the cort ical  barre ls  and the  mystac ia l  vibrissae in 

mice was d e m o n s t r a t e d  by the  absence  of  barrels  cor- 
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responding to follicles lesioned early in postnatal  

life e7 and by electrophysiological  mapping 2a. Re- 

sponses in the barrelf ield to vibrissa st imulat ion with 

brushes have been shown with 2 -DG autoradiogra-  

playS.t3,14 but these investigators did not demons t ra te  

unequivocally the correspondence  of s t imulated 

whiskers and act ivated barrels.  The first part  of the 

present study served to test the magnet ic  st imulating 

procedure  against a number  of control  set-ups at a 

fixed stimulus intensity. In the second part ,  stimulus 

intensity was varied. The changes of the 2-DG up- 

take and of the correspondence  of labeled areas and 

s t imulated barrels under  the varied stimulus condi- 

tions were studied. For  these purposes,  the barrel-  

fields were reconstructed from sections cut tangen- 

tially to the cortical surface. The recontruct ions  were 

super imposed onto autoradiograms and this per- 

mitted us to de termine  whether  the act ivated zones in 

the PMBSF matched the st imulated whiskers.  The 

technique of matching morphology  and 2-DG uptake 

has been applied by othersS-5. However ,  in those 

studies "complete rows' of whiskers were s t imulated 

by the explora tory  activity of freely moving mice 

whose other  whiskers had been plucked.  We judged 

our results to be of sufficient clarity to render  a quan- 

titative analysis unnecessary for the conclusions 

drawn. Four  previous descript ions of mechanical ly 

coupled whisker st imulators exist: Shipley 2-'. Arm-  

s t rong-James ' ,  i to  ll) and SimonsZ-L These devices - -  

the first 3 e lectromagnet ic ,  the lat ter  piezoelectr ic  - -  

were capable of delivering defined and variable 

whisker displacements  by attaching a moving arm to 

one or more whiskers. In contrast  to our set-up.  

theirs required anesthesia or paralysis of the animals.  

MATERIALS AND METHODS 

The st imulator  was an upright e lec t romagnet ic  

coil: 201 mm long, 159 mm i.d.,  with 880 turns of 

enamel- insula ted,  1.7 mm diameter  copper  wire 

wound in 8 layers on a thermoresis tant  plastic cylin- 

der. The device was fed by the al ternat ing current  (50 

Hz) of the mains (220 V). The voltage could be regu- 

lated continuously with a t ransformer  (Variac) .  Mag- 

netic field bursts were produced by a burst  genera to r  

which consists of a triac t r iggered by low power  rec- 

tangular  pulses via an optocoupler .  The pulses, of 

variable length and interpulse distance,  were gener-  

ated by a digital timer. The pulses were imparted ~, 

one or more vibrissae by metal  pieces glued ont(~ 

them with cyanoacrylate  cement.  We used mu-metal ,  

an alloy of iron and 75-80r)~ nickel. The pieces, 0 2  

mm in d iameter ,  2 mm long and weighing about 0.1~ 

mg, were glued with their center  about 5 mm away 

from the skin surface. During st imulation,  the animal 

was housed in a t ransparent  methyl-methacryl ic  cy- 

l inder (126 mm in d iameter)  in which bedding and 

food can be put and that contained a water  bottle.  

The cylinder was placed inside the coil and could be 

cooled by a small vent i la tor  placed underneath .  The 

set-up is shown in Fig. 2. In exper iments  with unre- 

strained animals,  the bot tom of the cylinder was 

packed with a layer of sawdust to bring the heads of 

the animals to the level where the magnetic  field was 

at maximum strength (mid-height  of the cylinder).  

The strength of the magnet ic  field was directly pro- 

port ional  to the voltage applied to the coil. It was 

measured with a Gaussmeter  (F .W.  Bell, Or lando,  

FL, U .S .A . ) :  1.0 Gauss equals 79.59 A / m  For stimu- 

lation, 4 magnetic  field strengths were used: 2.7, 6.6, 

9.2, and 13.0 × 10 -~ A/m. The lower two and the high- 

er two values were measured  on different scales. For  

the lower two the error  of measurement  was + 0.2 × 

103 A/m; for the higher two. • 11.5 × 103 Aqn. 

The magnetic  field was homogeneous  at any hori- 

zontal level within the coil, but its strength decreased 

considerably with increasing vertical distance from 

the center  (Fig. 3). Thus, during the st imulat ion of 

freely moving animals,  which can stand up on their  

hindlegs and dig in the sawdust,  the energy del ivered 

during st imulation was somewhere  between the ex- 

treme values possible which are maximal strength 

and 20% less. In contrast ,  as the mobil i ty of the re- 

strained animals is quite l imited, the energy the 

whiskers in question are exposed to can be deter-  

mined more precisely; in our exper imcnts ,  it was 

close to 90% of the maximal  strength. As  the animals 

could turn their  heads (they were permi t ted  to do so 

even when res t ra ined) ,  the ampl i tude  of the displace- 

ment  of the whiskers was not constant.  

At  the onset of a pulse, the metal wire pieces were 

moved either up or down, dependen t  on the position 

of the animal 's  head at that moment .  The displace- 

ment of the metal  is a function of two forces: one pull- 

ing it to a level at mid-height  of the coil (where the 

magnetic field is s trongest) ,  the o ther  leading to its 



alignment with the magnetic field. During the pulse 

the metal piece moved following the frequency of the 

mains. 

Set I: stimulation of freely moving mice 
In a first set of experiments ( termed I), albino mice 

of ICR stock origin 2s bred for a standard whisker pat- 

tern, aged 8 weeks and weighing from 25 to 30 g were 
deprived of food but not of water for a total of 19-24 

h. They were anesthetized with perltobarbital (60 

mg/kg i.p.) 15-19 h before stimulation. All vibrissae 

were clipped at their emergence from the follicle, ex- 

cept B1 (Fig. 1) on the left side, on which the metal 

piece was glued. Control animals underwent the 
same treatment (but see below). All animals were in- 

jected i.p. with 2-[1-14C]deoxy-D-glucose (New En- 

gland Nuclear) in saline (16.5 gCi/100 g b.wt.) and 
immediately placed in the stimulator. Four groups of 

3 unrestrained mice were each treated as follows: (a) 

animals with the metal piece were stimulated with 

magnetic bursts (intensity of the magnetic field 6.6 × 

103 A/m, rms), repetition rate 7.35/s, duration 46 ms, 

pause 90 ms, rise and fall time 5 ms, power 1.9 W 

(Fig. 4); (b) animals provided with the metal were 

not stimulated while in the coil; (c) animals without 

metal pieces were exposed to the same conditions as 

in a; and (d) mice without the metal were left in the 
stimulator, again without power supply. By compar- 

ing the 2-DG-uptake in experiment a with that in 

control experiments b, c and d, we could judge the ef- 

fectiveness of the pulsating magnetic field, mediated 

via the movements  of the mu-metal piece, on the vi- 

brissa and, after transduction and transmission 

across 3 synaptic relays, on the appropriate barrel in 
the PMBSF (Fig. 3). 

Set II: stimultion of restrained mice 
A second set of experiments (termed II) with re- 

strained animals was carried out in order to locate the 
responses in the PMBSF to stimulation of single and 

multiple whiskers and to determine the dependence,  

if any, of the intensity of the response on the intensity 
of the magnetic field. The pre-experimental manipu- 
lations were basically the same as in the experiments 
with freely moving mice, except that now several ad- 
jacent whiskers of one row, i.e. whiskers C1, C2, C3 
and - -  separated by one row - -  a solitary E l ,  were 
equipped with mu-metal wire. In order to reduce 
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self-stimulation, the animals were restrained in casts 
carved into polystyrene foam sheets with adhesive 

tape before the anesthesia wore off. Limited head 
movements were possible. Within the stimulator 

cage, the head end of the cast was lifted from the hor- 

izontal bringing the snout of the animal up so that the 

displaced whiskers touched neither walls nor bottom. 

Not only mice of the ICR stock, but also two of an 

NMRI strain2S were used. The stimulus parameters 

applied were the same as those described above 

(group a in I); however, the intensities of the magne- 

tic field bursts were: 0 (two animals), 2.7 x 103 A/re. 

rms (4 animals); 9.2 x 103 A/m, rms (4 animals); and 

1.3 x 104 A/m, rms (6 animals): which produced 

mean powers of 0.5, 3.5 and 6.6 W, respectively. 

Forty-five rain after the 2-DG injection, i.e. imme- 

diately after stimulation or mock-stimulation, all 

mice of both sets (I and II) of experiments were anes- 

thetized (pentobarbital i.p.) and perfused intracar- 

dially with 3.3% formalin in 0.12 M phosphate buffer 
at pH 7.4 for 10 rain. Their brains were removed and 

frozen in isopentane at -70  °C. The frozen tissue was 

mounted onto the object holder of a cryostat with 

chilled No. M-1 embedding matrix (Lipshaw Man- 
ufacturing Co.). 

Twenty micrometer thick sections were cut coro- 

nally, or tangentially to the surface of the somatosen- 

sory cortex, in a Frigocut 2700 cryostat (Jung, Hei- 

delberg, F .R.G.)  at about - 1 6 ° C .  All sections 

through the region of interest were picked up on 

chilled glass slides and dried on a hot plate at 60 °C. 

They were exposed to a single-coated blue base 

R6ntgen film (Cronex MRF 31, Dupont)  with the 
vacuum-contact-method 12 at 5 °C for 10-14 days. 

After equilibration with room temperature,  films 

were developed in rapid X-ray film developer (TD, 
Dupont)  for 2 min, rinsed in deionized water for 1 

min, fixed in X-ray film fixative (TF, Dupont)  for 4 

rain, and finally rinsed and hardened in running cold 
tap water for 20 min. All solutions were at room tem- 
perature. The sections were stained with cresyl vio- 

let. Their contours were superimposed on those of 
the corresponding autoradiograms so that areas of in- 
terest in the latter could be accurately correlated with 
barrels or other cytoarchitectonic details in the sec- 
tions. The drawings were made with the help of a 
compound microscope fitted with a low power lens 
and a drawing tube. 
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Fig. 1. Line drawings to help with orientation in the description 
of the experiments. Left: left whiskerpad, tangentially cut, 
with letters and numbers drawn in (compass: d, dorsal; p, pos- 
terior; bar, 1 mm). Right: part of right barrelfield which corre- 
sponds to the whiskerpad illustrated to the left (compass: 1, lat- 
eral; a, anterior; bar, 0.5 ram). Compasses indicate that the 
whiskerpad is shown as if attached to a mouse in the "normal" 
position, but that the barrelfield is placed roughly upside down 
so as to highlight topologic equivalence between the pattern of 
barrels and whiskers. 

Seven  b ra ins tems  f rom animals  of  set I, and 4 

bra ins tems f rom set II w e r e  cut  t ransverse ly  and 

t rea ted  as the  cort ical  sect ions ,  excep t  that  no draw- 

ings were  made .  In e x p e r i m e n t a l  set II, a l t e rna te  sec- 

tions f rom the b ra ins t ems  were  t h a w - m o u n t e d  on 

chi l led glass slides and f r eeze -d r i ed  at - 2 0  °C over -  

night. A f t e r  c o n v e n t i o n a l  exposu re  to X- ray  fi lm, 

they were  p rocessed  for c y t o c h r o m e  ox idase  histo- 

chemistry3~q they  were  incuba ted  at 37 °C for  4 - 5  h 

with 0.1 M p h o s p h a t e  buf fe r  at p H  7.4, con ta in ing  

15% (w/v) c y t o c h r o m e  C (Sigma,  No.  C-2506) and 

50% (w/v) d i a m i n o b e n z i d i n e  (S igma,  No.  D-5637).  

T h e r e a f t e r ,  they  were  d e h y d r a t e d  and covers l ipped .  

RESULTS 

The  animals  were  obse rved  dur ing  the en t i re  45 

rain pe r iod  af ter  t racer  in jec t ion .  U n r e s t r a i n e d  mice  

r o a m e d  th rough  the cage within  the coil ,  pa lpa t ing  

the  cage walls,  f r o m  t ime  to t ime digging in the saw- 

dust. Al l  f ree ly  m o v i n g  as well  as res t ra ined  animals  

showed  s p o n t a n e o u s  bursts  of  whisking.  These  act ive  

bursts  were  so in tense  that  they  a p p e a r e d  to ove r r ide  

the  art if icially induced  whisker  m o v e m e n t s .  No  

mouse  lost its me ta l  p iece  o r  its r ema in ing  vibr issa(e)  

dur ing the  t ime of  s t imula t ion ,  a l though ,  in the  peri-  

od  b e t w e e n  p l a c e m e n t  of  the  meta l  and onse t  of  stim- 

Fig. 2. View ol the stimulator showing the: clcctnmmgnctic ~.::~,~i 
(A) containing a freely moving mousse. The coil ~ c,,mncctcd >-., 
the burst generator (B) which is essentially composed ot a timer 
controlling the power circuit fed by the variable transformer 
(C) via a triac. A ventilator (not ",isible) is mounted unde~ the 
coil. 

Fig. 3. Graph showing the empirically determined magnetic 
field strength at various horizontal levels in the coil which con- 
tained the cylindrical cage in which the whisker-stimulated 
mice were placed (abscissa: distance in mm under and above 
the vertical center of the electromagnetic coil; ordinate: rela- 
tive strength of the magnetic field in % compared with the max- 
imal strength). The maximal strength of the magnetic field is in 
a horizontal plane at the vertical center of the electromagnetic 
coil. Its magnitude is proportional to the voltage supplied. The 
strength is uniform at a specific horizontal level, but drops off 
with increasing distance from the vertical center. In experimen- 
tal set I, the bottom of the animal container (arrow) is packed 
with a layer of sawdust so as to bring the animal's head close to 
the vertical center. Unrestrained animals can move their heads 
in a magnetic field whose strength ranges between maximum 
and 80% (closed arrowhead); restrained animals were placed 
so that their muzzles were at a level of about 90c~ of maximal 
strength (open arrowhead). 



ulation, a metal  piece with or without  its whisker  oc- 

casionally d isappeared.  In these few animals,  e i ther  

metal  pieces were re-glued or the bare  vibrissae were 

clipped. 2 -DG autorad iography  revealed clear stimu- 

lus-evoked tracer  uptake in the contra la tera l  PMBSF 

under  both sets of exper imenta l  condit ions.  

Set I: experiments on freely moving animals" 
In all exper iments  of type Ia there was a region of 

discrete,  high D G  uptake presumably  associated 

with barrel  B 1, covering its hollow as well as its side 

(Fig. 5a). This 'hot  spot '  was confined to layer IV. A 

column-l ike zone of increased grain density (GD)  but 

less intense than the hot spot,  sur rounded  and ex- 

tended above and below it through layers I I - V I .  Re- 

gions medial  and lateral  to the active site were con- 

s iderably less labeled in comparison with the active 

site, thus accentuating its columnar  shape. Ipsi lateral  

to the s t imulated whisker there was a zone,  roughly 

coinciding with the PMBSF,  with conspicuously di- 

minished GD.  In control  group b, one animal had a 

well-defined hot spot (Fig. 5b, top) ,  a second mouse 

had a less well-defined one but with spread to inferior  

layers while, on the other  side, there  was an area  of 

diminished G D ,  as described for the animals of set Ia 

(Fig. 5b, center).  A third animal showed no in- 

creased G D  at all in the corresponding region. In- 

creased G D  at the same contra la tera l  locat ion could 

also be observed in mice of control  group c: clearly in 

two animals (Fig. 5c, center  and bo t tom)  and less so 

in the third (Fig. 5c, top).  The animal shown in Fig. 

5c. center ,  again exhibi ted the ipsi lateral  area  of di- 

minished G D  as described for the animals of set Ia. In 

control group d, two animals had the area  of high 

GD:  one (Fig. 5d, center)  with the spread of activity 

to layer VI; the other  (Fig. 5d, bo t tom) ,  without.  

Thus, the major i ty  of control  animals of groups b, c 

and d (7 out of 9) had an increased G D  over what we 
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presumed to be B1. However ,  only 4 of these 7 gave 

an image comparab le  to that in animals of group Ia. 

A spot-l ike zone of high 2-DG uptake  was found in 

the subnuclei caudalis and interpolar is  of the nucleus 

of the spinal tract  of the t r igeminal  nerve ipsilateral 

Fig. 4. Top: photograph of an unrestrained mouse whose 
whisker B1 on the left is provided with a metal wire (arrow). 
Center: same animal, but stimulated with magnetic field bursts: 
note movement of whisker (arrow) photographed with an ex- 
posure time of 1/60 s. Bottom: an oscilloscope display of a burst 
sequence as used in the present study. The burst is determined 
by the alternating mains current (50 Hz). Its peak voltage is 68 
V. its duration of 46 ms includes rise plus fall times (about 5 
ms). The interpulse pause is 90 ms (abscissa 20 ms/major divi- 
sion: ordinate 2//V/major division). 
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Fig. 5. Enlarged autoradiograms of coronal brain sections. Each picture illustrates the cortical response to the stimulus oi one animal. 
The contralateral response is in the right hemisphere, depicted on the left hand side, (see arrowheads): it is accompanied by a depres- 
sion of 2-DG uptake in the ipsilateral hemisphere (areas between small arrows). The images are grouped in columns acc~rding to the 
animals' stimulation conditions. Note that all whiskers except the left B1 were clipped. From left to right: (a) animals with metal piece 
glued to whisker B1 and stimulated by magnetic bursts; (b) animals which had a metal piece and were placed in the uncnergizcd coil: 
(c) animals which had no metal piece and were exposed to the same magnetic field as in a; and (d) mice which had neither metal piece 
nor stimulation. In a, the region of increased grain density has a columnar shape and stretches from layers I1 to VI with a maximum, in 
layer IV. Note that some animals in the control groups (b, c and d) show a cortical activation pattern presumably due t(~ ~ell-stimula- 
tion (see text). The areas of depressed activity cover several barrels but are always restricted to the barrelfield. Bar in cc~Humn a, b,at- 
tom, represents 1 mm; compass in d, bottom: d, dorsal: i, lateral, animal's left; compass and bar hold for all illustrations 

to the s t imula ted  whiske r  in all mice  whose  brain- 

s tems were  ana lyzed  and which d i sp layed  cor t ical  ac- 

t ivat ion (7 cases ou t  o f  a total  of  12; see Fig. 8). No  

depressed  2 - D G  up take  was a p p a r e n t  in the  cont ra-  

la teral  subnucle i ,  and no responses  could  be seen in 

the subnucleus  oral is  of  the  spinal t ract  and in the 

pr incipal  sensory  nucleus  of  the  t r igemina l  nerve .  

The  same holds  for  that  par t  of  the  ven t robasa l  thala-  

mus whe re  the  vibr issae are  r e p r e s e n t e d  2~. 

Set H: experiments on restrained animals" 

A n  increase  in s t imulus  in tensi ty ,  i.e. s t rength  of  

the magne t i c  f ield,  caused  an increase  of  G D  in the 

co r respond ing  barre ls  (Figs. 6 and 7). No  s t imula t ion  

gave  no responses .  W h e r e a s  at 2.7 x 10 3 A / m ,  rms,  

s t imulus -evoked  responses  were  visible in barre ls  

C 1 - 3 ;  this was also the  lowest  in tens i ty  at which a 

whisker  d i sp l acemen t  could  be d i sce rned  by the 

naked  eye.  A t  9.2 x 103 A/m, rms,  G D  reached  the 

same level  as at the  highest  burst  intensi ty ,  i.e. 1.3 × 

1104 A / m ,  rms. The  G D  was re la ted  to the intensi ty of  

the s t imulus also for  the single barrels  in row E,  but  

here  the act ivi ty did not  seem to be sa tu ra ted  at 9.2 x 

103 A/m,  rms,  at 1.3 × 104 A / m ,  rms,  a still h igher  

G D  was ob ta ined .  In animals  with a single C whisker  

(the o thers  had b e e n  lost) ,  the  G D  ove r  the C barre l  

was similar  to that  o v e r  the E barrel .  At  all intensi t ies  

their  G D s  were  less than those  ob ta ined  by st imula-  

tion of  3 ne ighbor ing  vibrissae.  W h e n  single vibrissae 

were  s t imula ted ,  the ac t iva ted  regions  always s tayed 

within the app rop r i a t e  barre ls  and thei r  i m m e d i a t e  

surrounding.  A cen te r  reg ion  of  high G D  ove r  the 

barrel(s)  was s u r r o u n d e d  by a pe r iphery  of  less G D  

that  appea red  to over l ie  the septa  bo rde r ing  the stim- 

ula ted barrel(s) .  B o t h  cen te r  and su r round ing  zone  

had a G D  signif icantly h igher  than that  of  ad jacen t  
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non-activated barrels (Fig. 7). In one of two animals 

tested at the lowest• intensity, the area of high GD did 
not cover all cytoarchitectonically defined barrels 

whose whiskers were stimulated. In one out of 4 
cases in which vibrissae C1, C2 and C3 were stimu- 

lated with the highest intensity, barrels C4 and C5 

were activated as strongly as C1-3, while 2-DG up- 

take of barrel C6 was increased but less so. 
In the subnuclei interpolaris and caudalis of the nu- 

cleus of the spinal tract of the trigeminal nerve, a spot 
of increased 2-DG uptake corresponding to the rep- 

resentation of the posterior row C vibrissae was ob- 

served with the lowest stimulus intensity (Fig. 8). 

With the higher intensities (9.2 x 10 3 and 1.3 x 10 4 

A/m, rms), 2-DG uptake in the representation of vi- 

brissa E1 became visible, while the activation in the 

C row was more pronounced. Here, as in the cortex, 
single whisker stimulation gave rise to less GD than 

stimulation of the 3 adjacent whiskers in a row. No 

stimulus-evoked responses could be observed in the 

subnucleus oralis and in the principal sensory nucleus 
of the trigeminal nerve. 

No differences were noticed between the animals 
of the ICR and NMRI strains. 

DISCUSSION 

We present a device capable of stimulating one or 

more individual whiskers in restrained and freely 
moving mice (and other small rodents). With appro- 

priate stimulus parameters, the effects of whisker 
stimulation as judged by 2-DG uptake of the corre- 

sponding barrel or barrels were consistent, and nota- 

bly more so than the effects of exposing the whiskers 

to various control conditions. This could be observed 

not only in the barrelfield, but also in subnuclei inter- 

polaris and caudalis of the trigeminal nerve. The pos- 

itive results of the control conditions (experiments I, 

b, c and d) presumably stem from the fact that the 
mouse itself stimulated the follicular receptors of the 

one remaining whisker through active exploration of 

the cage (see also Durham and Woolsey3). This is 

also borne out by a number of preliminary obser- 
vations in animals in which no whisker was clipped; 

although one whisker was provided with metal and, 

thus, actively stimulated, there was a continuous 

band of intense 2-DG uptake spanning the entire 

PMBSF and obscuring the stimulus dependent 2-DG 

uptake, if any, of the corresponding barrel. 
How did we know that the 'hot spots' obtained 

were indeed over the barrels that corresponded to 
the stimulated vibrissae? For coronally cut brains this 

question is difficult to answer; a serial section recon- 

struction of the barrelfield from such material allow- 
ing for unequivocal identification of individual bar- 

rels is next to impossible. However, we could extrap- 

olate from our findings in the tangentially cut barrel- 

fields of the experiments of set iI; there, careful re- 

constructions of the barrelfields were made from se- 

rial sections and the autoradiograms brought in regis- 
ter with those sections. With the limitation that [14C]- 

2-DG-autoradiography has a spatial resolution of 
about 100/~m Full-Width-Half-Maximum 6 (for a dis- 

cussion and critical application of this concept see 

Fig. 6. Left: low power photomicrograph of a Nissl-stained section cut tangentially through the right posteromedial  barrel subfield 
(PMBSF). Right: camera  lucida drawing of the barrel pat tern in the same section. Such drawings were used to reconstruct  the entire 
PMBSF which allowed the identification of the activated barrels, as demons t ra ted  in Fig. 7. The autoradiogram derived from this sec- 
tion is displayed in Fig. 7d. Compass:  a, anterior,  m, medial;  bar, 1 mm;  compass  and bar hold for both illustrations. 
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Melzer~7), the re  was perfec t  c o r r e s p o n d e n c e  be- 

tween the s t imula ted  whisker  and the ac t iva ted  bar-  

rel (but see next  pa rag raph) .  Because  of  that  l imita-  

t ion, it could  not  be d e t e r m i n e d  w h e t h e r  the  sole sites 

of  activity were  hol lows,  or  also sides and ad j acen t  

septa.  In no case were  we able  to conf i rm (or deny)  

the claim by D u r h a m  and W o o l s e y  4 that  2 - D G  up-  

take in ac t iva ted  barrels  is par t icu lar ly  m a r k e d  ove r  

the walls. In co rona l ly  cut brains,  the  radial  dis tr ibu-  

tion of  s t imulus - re la ted  2 - D G  up take  obse rved  

agrees  with those  shown in the  mouse  a and in the  rat 7 

except  that  we did not  see an inc reased  ac t iva t ion  in 

layer I. To  re turn  to the  ques t ion  asked  at the begin-  

ning of  this pa rag raph ,  we are  conf iden t  that  what  

was t rue for t angent ia l  sect ions  holds  for  the  corona l -  

ly cut brains as well.  This  suppor t s  the c la ims by o the r  

authors  of  the o n e - t o - o n e  re la t ionsh ip  b e t w e e n  the 

pe r iphery  and the  cor tex  based on 2 - D G  stud- 
ies3.7A3A4. 

In the e x p e r i m e n t s  of  set II the  animals  were  re- 

s t ra ined;  thus the  chance  of  an an imal  r e m o v i n g  

whisker  and /or  meta l  dur ing the  pe r iod  be fo re  s t imu-  

lat ion was d imin i shed ,  and ver t ical  d i sp l acemen t  of  

the whiskerpad  was res t r ic ted ,  keep ing  var ia t ions  of  

magnet ic  field s t rength  at m i n i m u m .  These  exper i -  

ments  were  done  with two purposes  in mind.  O n e  was 

to see whe the r  a re la t ionship  exists b e t w e e n  s t imulus  

intensi ty and G D  of  the  e v o k e d  responses ;  the o the r ,  

Fig. 7. Enlargements of autoradiograms of 5 sections cut tan- 
gentially through the right posteromedial barrel subfield. The 
animals were restrained (set lI, see text), and whiskers C1-C3 
and El,  on the left side, had received pieces of metal wire. The 
stimulation intensities were: 0 (row a), 2.7 x 10 3 (row b), 9.2 x 
10 3 (row c) and 1.3 × 10 4 A/m, rms (rows d and e). Left column: 
photographic reproductions of autoradiograms. Center col- 
umn: photographic reproductions of the same autoradiograms. 
The camera lucida drawings of the barrels present in the corre- 
sponding Nissl-stained sections (Fig. 6) were superimposed. 
Right column: photographic reproductions of the same autora- 
diograms. Here, reconstructions of the entire posteromedial 
barrel subfield, made from camera lucida drawings of a number 
of serial sections, were superimposed. Note the perfect corre- 
spondence between the stimulated whiskers and the barrels 
which show increased 2-DG uptake (arrows in right column; 
refer to Fig. 1 for topography), the intensity-dependent uptake 
by correspondings barrels and the higher uptake by the three 
neighboring barrels compared with the single one (visible in d 
only). In e, stimulus-specific 2-DG uptake spread into neigh- 
boring barrels. Compass: m, medial; a, anterior; 1, lateral: p, 
posterior. Bar = l mm. Compass and bar hold for all illustra- 
tior~s. 

b 
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Fig. 7 (middle and right columns) 
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Fig. 8, Enlarged autoradiograms of coronal sections from the brainstems of: (a) a freely moving mouse whose left Bt whisker was 
stimulatcd (samc animal as Fig. 5a, center): (b) a restrained animal with pieces of metal wire on left whiskers C1-3 and El without 
stimulation: animals manipulated in the same way but stimulated with 2.7 × 103 (c), 9.2 x 103 (d) and 1.3 × 10 a A/m, rms (c). All sec- 
tions were through the subnucleus interpolaris of the trigeminal nerve, except that shown in a, which was taken through the subnucleus 
caudalis. Stimulus-evoked responses are indicated by solid arrowheads. 2-DG uptake is higher in the 3 adjacent C-whisker representa* 
tions than in that of E 1. The organization of rows confirms Arvidsson 2. f: micrograph of the section corresponding to the autoradio- 
gram in e, freeze-dried and stained for cytochrome oxidase activitv. Densely stained rows of patches show the representation of whisk- 
ers. Rows C and E are indicated by open arrowheads. (Bar in a represents 1 mm and pertains also to b-f;  dorsal is up, the left of the 
animals is displayed to the right. ) 

to d e t e r m i n e  w h e t h e r  s t imula t ion  of  several  ad jacen t  

whiskers  in one  row would  lead to a G D  o v e r  their  

r epresen ta t ions  in the  pa thway  d i f ferent  f rom that  

e v o k e d  by a single whisker .  

The re  was, i ndeed ,  in tensi ty  d e p e n d e n c e ,  not  only  

at b ra ins tem but  also at cor t ical  levels.  P rev ious  2- 

D G  studies on the  r o d e n t  visualIS and aud i to ry  sys- 

tem 2~ showed  that  local me tabo l i c  rates o f  g lucose  

and G D s  were  p ropo r t i ona l  to s t imulus  s t rength  in 

subcor t ica l  relays but  not  in the cor tex,  

With  regard  to the second purpose  of  the exper i -  

ments  of  set I1, we no t iced  that  the G D  o v e r  the st im- 

u la ted  ne ighbor ing  barrels  was h igher  than that  o v e r  

a single one .  W h e r e a s  2 - D G  up take  was sa tu ra ted  in 

3 barrels  in a row at 9.2 x 10 3 A / m ,  rms,  for  a single 

barre l  the G D  c a m e  to the obse rved  m a x i m u m  at the 

highest  intensi ty  only.  We  could  rule  ou t  that  this ob-  

se rva t ion  was d e p e n d e n t  on d i f fe ren t  p rope r t i e s  of  

rows;  when  only C1 was s t imula ted  in c o m b i n a t i o n  

with E l ,  the  barre ls  co r r e spond ing  to these  whiskers  

showed  an equa l  2 - D G  uptake .  These  d i f fe rences  are  

visible at the nucle i  of  t e rmina t i on  of  the t r igemina l  

nerve ,  We p ropose  that  the ~mutuat ampl i f i ca t ion '  of  

responses  in one  row is a significant  m e c h a n i s m  that  

acts a l ready  in the lower  s tat ions of  the  sensory  path-  

way in ques t ion .  

O u r  e x p e r i m e n t s  indicate  that  indeed  a o n e - t o - o n e  

re la t ionship  exists b e t w e e n  s t imula ted  foll icle and ac- 

t iva ted  barrel .  H o w e v e r ,  in one  out  of  the  4 cases 

s t imula ted  with the  highest  in tensi ty  there  was an an- 

isotropic  ' sp read  of  act ivi ty ' ,  involv ing  barre ls  cor re -  

sponding  to the whiskers  p laced  m o r e  rostral ly  in the 

same row with respect  to those  that  were  s t imula ted .  

The  G D  o v e r  those  barrels  was as high as that  ove r  

the ones  re la ted  to the act ively s t imula ted  whiskers ,  

excep t  for  the most  an te r io r  barre l  invo lved  in the ob-  

se rved  spread.  As  far as it could  be ascer ta ined ,  there  

were  no d i f fe rences  in the s t imula t ion  p r o c e d u r e  

which could  account  for  this observa t ion .  If it could  

be r epea t ed ,  it would  be most  in te res t ing  to see 

where in the  pa thway  f rom wh i ske rpad  to barre l f ie ld  

this act ivi ty o v e r  not -d i rec t ly  ac t iva ted  barrels  is gen-  

e ra ted .  Da ta  on the nuclei  of  t e r m i n a t i o n  lack at this 

point .  The  tha lamus  will be difficult  to inves t iga te  

using 2 - D G  (see fo l lowing pa ragraph) ,  

With  regard  to the  absence  of  s t imulus-ew~ked re- 



sponses in the subnucleus oralis and the principal  sen- 

sory nucleus of the tr igeminal  nerve,  it may be that  

the G D  here was too faint, or its area  too small,  to be 

resolved by the 2-DG technique as applied.  For  the 

ventrobasal  thalamus,  demonst ra t ions  of stimulus- 

evoked responses lack. With  respect  to our own ob- 

servations,  we failed to obtain such responses,  for the 

overall  2-DG uptake in that part  of the brain was uni- 

form and high. 

As to stimulus pa ramete r s  o ther  than magnetic  

field strength, we appear  to have used a favorable  

repeti t ion rate,  burst durat ion and pause between 

bursts. In this choice we were inspired by data  given 

by Armst rong-James  1 in his paper  on the devel- 

opment  of the cortical responses to somesthet ic  stim- 

uli in the rat. We had exper imented  - -  with negative 

results --- with only one other  repet i t ion rate: 1.8/s 

where burst durat ion and pause were of equal length. 

It is not excluded that yet o ther  pa ramete r s  would 

lead to more pronounced  results. We shall be investi- 

gating this point. 

With respect to contra la tera l  effects, we note that 

there was an area of low G D  roughly coinciding with 

the PMBSF contra la tera l  to the one in which barrel  

B1 was act ivated (Fig. 5, column a); a similar config- 

uration is clearly present  in two of the controls  (Fig. 

5, columns b and c, center).  A t  first sight, one might 

have at t r ibuted this low G D  area to the fact that on 

the side of the snout contra la tera l  to that phenome-  

non (and,  thus, contra la tera l  to the stimulus) all 

whiskers were clipped. But the phenomenon  was 

consistently present  only in the exper iments  involving 

active st imulation (Fig. 5, column a). Thus, we pro- 

pose that we are dealing here with a st imulus-de- 

pendent  event.  The pathway through which this 

PMBSF at ta ined its low G D  most likely involves the 

corpus callosum. For  the existence of direct ,  not nec- 

essarily one- to-one,  in te r -PMBSF connect ions,  see 
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