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A  unilateral  facial  nerve  injury  (n7x)  was  found to  influence  the  
transcallosal  spread of the attenuated strain of  pseudorabies virus 
(PRV Bartha)  from the affected (left)  primary  motor  cortex (Ml)  to 
the  contralateral  Ml  of  rats. We  used  Ba-DupLac,  a  recombinant  
PRV  strain,  for  the  tracing  experiments  since  this  virus  was  
demonstrated  to  exhibit  much  more  restricted  transportation  
kinetics  than that  of  PRV  Bartha,  and  is  therefore  more  suitable  
for  studies  of  neuronal  plasticity.  Ba-Duplac  injection  primarily  
infected several neurons around the penetration channel, but hardly 
any  transcallosally  infected  neurons  were  observed  in  the  con-
traleral  Ml.  In  contrast  after  right facial  nerve  injury,  Ba-DupLac  
was transported from the primarily infected neurons in the left Ml to 
the contralateral side, and resulted in the labeling of several neurons 
due to  a  transneuronal  infection.  These  results  reveal that  a  per-
ipheral  nerve  injury  induces  changes  in  the  Ba-DupLac  infection  
pattern  in  the  related  cortical  areas.  These  findings  and  the  
literature  data  suggest  that  this  phenomenon  may  be  related  to  
the  changes  in  the  expression  or  to  the  redistribution  of  cell-
adhesion  molecules,  which  are  known to  facilitate  the  entrance  
and/or transmission  of  PRV into neurons. 
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Introduction 
Since  the  early  1990s,  studies  demonstrating  plasticity  in  the  
cortical somatotopic representation  maps of the primary  motor  
cor tex  (MI)  of  adult  animals  have  brought  about  a  dramatic  
change  in the concept  of the function and role of motor  cortical  
areas as information-processing structures (Sanes and  Donoghue,  
2000). In a series of electrical stimulation mapping  experiments,  
Sanes and Donoghue demonstrated  that transection  of the  fecial  
motor  nerve  (n7x),  which  supplies  the  rat  fecial  whisker  
musculature,  led  to  a  functional  loss  of  the  MI whisker  area.  
Consequently,  this area was occupied  by representations  of the 
adjacent forelimb or eye/eyelid  regions (Donoghue  et  aL,  1990;  
Sanes  et  aL,  1992). This reorganization emerged within hours of 
the  nerve  lesion,  and  persisted  for  a  period  of  months  (Sanes  
et  aL,  1990).  The  earliest  sign  of  motor  cortical  plasticity  
induced  by  n7x  can  be  observed  within  minutes  after  the  
intervention (Toldi  etal,  1996,1999). An important insight  into  
the  possible  mechanism  was  revealed  by  the  observation  that  
the blockade  of  cortical  GABAergic  inhibition  unmasked  exist-
ing  horizontal  connections  that  are probably  normally  blocked  
by  feed-forward inhibition  (Jacobs  and  Donoghue,  1991).  This  
kind  of local GABAergic release yielded map changes parallel  to  

those following nerve lesions, demonstrating that the  MI has the 
intrinsic circuitry necessary to support reorganization, in which 
the  intracortical  horizontal  connections  play  a  decisive  role  
(Sanes  and  Donoghue,  2000). Our  earlier  studies  revealed  that  
the  motor  cortices  of both  hemispheres,  interconnected  com-
missurally, are involved  in n7x-induced  cortical plasticity  (Toldi  
et  aL,  1999; Farkas  et  aL, 2000). Most  of the studies cited  above  
w e r e  based  on  experiments  in  which  electrophysiological  
methods w e r e  used.  

However,  it  is  more  than  likely  that  the  changes  in  the  
cortical  representational  maps  are  consequences  of  molecular  
biological and biochemical changes  in the neurons and the  glial  
cells  and  in  their  connections.  It  has  been  found, for  instance,  
that  n7x  leads  not  only  to  the  activation  of  astrocytes  in  the  
corresponding  fecial  nerve  nucleus  (Rohlmann  et  aL,  1993,  
1994), but  also, a few minutes after a peripheral  nerve injury, to 
histochemical  and  immunohistochemical  changes  throughout  
the  cortical  areas (Negyessy  et  aL,  2000;  Hoyk  et  aL,  2002).  

Here w e demonstrate  that the changes induced by n7x in the 
motor  cortical  neuronal  connections  can  be  studied  by  neur-
onal  tracing with  the pseudorabies virus  (PRV).  

PRV-Bartha  is  an  attenuated  strain  of  PRV  developed  as  
a  vaccine  (Bartha,  1961).  It  has  been  used  widely  for  trans-
neuronal  tracing  (Enquist  et  aL,  1998;  Card,  1999).  We  used  
Ba-DupLac,  a  recombinant  PRV strain,  for  the  present  tracing  
experiments, since this virus has been  demonstrated  to  exhibit  
much more  restricted  transportation  kinetics than that  of  PRV-
Ba (Boldogkoi  et  aL,  2002),  and  is therefore  more  suitable  for  
studies of neuronal plasticity. Indeed, w e found that the  method  
based on  the use  of this virus  is sensitive enough  to detect  fine  
plastic  changes  induced  in  the  central  nervous  system  by  
estrogen  application  (Horvath  et  aL,  2002).  In  feet,  utilization  
of  Ba-DupLac  allowed  us  to  reduce  the  problem  to  an  all-or-
none  labeling  paradigm.  

The  literature  cited  above  leads  us  to  suppose  that  n7x  
induces  complex  changes,  e.g.  surface  molecule  [heparan  
sulfete-proteoglycan  (HSPG) and  nectins]  redistribution  or  the  
gene activation of cortical neurons, which  lead to alterations  in  
the  functions of  their  connections.  The  HSPGs  are  a group  of  
glycoproteins  that  carry  covalently  bound  large,  unbranched  
polymers  composed  of  - 2 0 - 2 0 0  repeating  heparin/heparan  
sulfate  disaccharide  units,  which  are  usually  attached  to  the  
core  proteins  through  a  serine  residue  and  characteristic  
carbohydrate  linkage  regions.  It  appears  that  the  HSPGs  can  
regulate  long-term  potentiation  (LTP) and  may be  involved  in  
the  morphological  maturation  of  dendritic  spines  through  
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multiple  ligand interactions; this may be  critically dependent  on  
the  balance  between  the  different  heparin-binding  molecules  
available  (Bandtlow  and  Zimmermann,  2000).  Heparan  sulfate  
chains on cell surface proteoglycans also provide  initial  docking  
sites  for  the  binding  of  PRV  to  eukaryotic  cells  (Campadelli-
Fiume  et  at., 2000).  Nectin-1,  a member  of the  immunoglobulin  
superfamily,  is  a  component  of  a  novel  cell-to-cell  adhesion  
system,  localized  within  the  cadherin-catenin  system  at  cell-
to-cell  adherens  junctions  (Ajs).  It  has  been  shown  to  play  an  
important  role  in  synapse  formation  (Mandai  et  al.,  1997;  
Takahashi  et  al.,  1999;  Miyahara  et  al,  2000;  Tachibana  et  al,  
2000;  Mizoguchi  et  al,  2002).  Nectin-1  serves  as  an  entry  
and  cell-cell  spread  mediator  of  PRV  (Geraghty  et  al,  1998;  
Campadelli-Fiume  et  al,  2000).  

As concerns  our  model,  the  crucial  question  is whether  cell  
surface  molecules  exist  which  can  change  their  expression  or  
distribution  following  n7x,  and  which  therefore  influence  the  
entry of virions into the neurons and/or their  cell-to-cell  spread.  

As the  first  step,  in  this  study we  tested  the  hypothesis  that  
n7x  induces  changes  in  the  neuronal  connections  of  the  Mis  
in  both  hemispheres,  which  influence  the  transcallosal  PRV  
labeling  pattern.  

Materials  and  Methods  

Cells  and  Virus  
A  porcine  kidney  cell  line,  PK-15,  was  used  for  the  propagation  and  
titration  of  PRV.  Cells  w e r e  g r o w n  in  Dulbecco's  modif ied  minimum  
essential  medium  (DMEM)  supplemented  w i t h  5%  fetal  calf  serum  at  
37°C  in  a C 0 2  incubator.  Aliquots  of  PRV ( 1 0 0 0  gl/vial)  w e r e  stored  at  
-80°C,  and  single  vials  w e r e  thawed  immediately  prior  to  injection.  
Ba-DupLac was constructed  by the  insertion  of  a pair of iacZ  express ion  
casset tes  to  a  putative  latency  promoter  (antisense  promoter)  of  
PRV-Ba,  located  in  the  inverted  repeat  of  the  virus  (Boldogkoi  et  al,  
2000, 2002). 

Animals  and  Surgical  Procedures  
The  experimental  procedures  used  in  this  study  fo l lowed  the  protocol  
for  animal  care  approved  by  the  Hungarian  Health  Commit tee  ( 1 9 9 8 )  
and  the  European  Communit ies  Council  Directives  (86 /609 /EEC) .  A  
total  of  2 8  adult  Sprague-Dawley  rats w e r e  raised  wi th  access  to  water  
and  food  pel lets  (Altromin)  ad  libitum.  Sixteen  animals  w e r e  used  to  
study the postinjury/preadministration  t ime ( s e e  later and  Fig. 2).  In  7  of  
the  remaining  12  animals, the  right facial nerve trunk was  transected  1 h 
be fore  PRV injection;  5  sham-operated  animals  served  as  controls.  The  
nerve  cut  was  made  near  the  stylomastoid  foramen.  All  the  surgical  
procedures w e r e  carried  out  under  d e e p  ketamine/xylaz ine  anesthesia  
(ketamine  10.0 m g / 1 0 0  g  and  xylazine  0.8  m g / 1 0 0  g  body  wt ,  IP).  

Injection  of  the  Virus  
T h e  head  of  each  rat  was  fixed  in  a s tereotact ic  headholder.  PRV  was  
injected  wi th  special  care;  the  inoculations  w e r e  made  by  the  same  
person  at  the  fol lowing  coordinates:  frontal:  +2.0  m m  to  the  bregma,  
lateral  2.0  mm,  vertical  8 0 0  pm  from  the  cortical  surface  (Paxinos,  
1998) .  PRV  (0.1  gl)  was  injected  over  5  min  by  pressure  (PRV  
concentrat ion:  10 9  P.f.u./ml,  vehicle:  DMEM  +  5%  fetal  calf  serum).  
The  coordinates  of the  injection  site  (and of  its h o m o t o p i c  point)  w e r e  
de termined  by  prior  physiological  mapping; w e  have  b e e n  carrying  out  
the  mapping  of  Mis  s ince  1996.  It  is  k n o w n  from  the  literature  (Sanes  
and  Donoghue ,  2 0 0 0 )  and  from  our o w n  studies  that  the  injection  site  
(wi th  the  coordinates  given  above)  at w h i c h  intracortical  microstimu-
lation  induces  contralateral  whisker  m o v e m e n t s  is  in  the  MI  center  of  
the  contralateral  whiskers  (Toldi  et  al.,  1996) .  The  h o m o t o p i c  point  in  
the  contralateral  hemisphere  was  determined  by  intracortical  stimula-
tion  at  the  injection  site, w h i c h  transcallosally  evoked  responses  in  the  
h o m o t o p i c  point  (Farkas  et  al.,  2000) .  After  determination  of  the  
location,  and  fol lowing  the  comple t ion  of  the  injection,  the  pipet  was  

L1 = L2 = L3 = M1 = M2 = M3 = 300 ^im 
Figure  1.  A  schematic  drawing  to  explain the  experimental  paradigm.  PRV was 
injected into the whisker  representation area  in the left  motor cortex  (Mlipsi).  PRV-
immunoreactive  (PRV-IR)  neurons  were  counted  in  five  consecutive  50  pm wide  
coronal sections of both hemispheres (as shown in the right hemisphere: Mlcontra). To 
facilitate the analysis, the photomicrographs  of the five coronal sections  (forming the 
250 pm wide bands of the cortices) were divided in the mediolateral direction into six 
300 pm wide areas (on the coronal surface):  L1 =  L2 =  L3 =  Ml  =  M2 =  M3  =  
300 pm.  The numbers  of  PRV-IR  cells  obtained in five  sham-operated and five n7x 
animals were quantified according to this cortical division. In one animal each in both 
the sham-operated and the n7X group, serial sections (50 pm wide) of the rostral part 
of both hemispheres were made (also as shown in the right hemisphere:  Mlcontra).  
The  PRV-IR  neurons were  counted in every  sixth section  in these two animals. The 
three-dimensional distributions of the PRV-IR neurons in Figure 5 were constructed on 
the basis of these studies. Scissors plus arrow denotes the right side facial nerve cut. 
The divisions (L3-M3 in the left hemisphere, the labeling of the 50 pm wide cortical 
slides and the mark of every sixth section in the rostral half  of the right hemisphere) 
serve only for demonstration and,  of course,  are not proportionate in this schematic 
drawing. 

left in the  tissue  for an additional  5 min  in order to prevent  any backflow 
of the  PRV and/or  its  spread  into  the  surrounding  areas.  After  the  PRV  
injection,  the  incision  o n  the  head  was  c losed  and  each  animal  was  
housed  individually in  a plastic isolation  cage. The presence  and  location  
of  PRV-immunoreactive  (IR)  neurons  w e r e  c h e c k e d  in  all  animals.  The  
posit ions  of  the  tip  of  the  Hamilton  syringe  and  the  lesion  induced  by  
the  PRV  injection  w e r e  verified  histologically  in  cresyl  violet-stained  
sections. 

Perfusion  and  Immunocytochemistry  
After  survival  for  7 2  h,  the  animals  w e r e  deeply  anesthetized  as  
described  above  and  perfused  transcardially  wi th  - 2 0 0  ml  of  phos-
phate-buffered  saline  (PBS,  0.1  mol/1,  pH  7.3),  fo l lowed  by  - 2 0 0  ml  of  
Zamboni's  fixative  (2.0%  aqueous  paraformaldehyde  solution  —  from  
a  16%  stock  solution  containing  15%  picric  acid  —  in  0.1  M  sodium  
phosphate  buffer  stock,  pH  7 .3)  (Stefanini  et  al.,  1967) .  Brains  w e r e  
postf ixed in fresh Zamboni's solution overnight. Coronal sect ions ( 5 0  pm  
thick)  of  the  brain  w e r e  cut  using  a  Vibratome  (Campden  Instru-
ments )  and w e r e  processed  for  PRV immunocytochemistry.  Only  those  
animals w e r e  evaluated  ( n  =  10)  in w h i c h  the  infect ion was  successful ,  
i.e.  infected  neurons  (PRV-IR) w e r e  seen  in  the  left  motor  cortex  and  
the  w h o l e  length  of  the  penetration  channel  was  situated  within  the  
cortex. The  sect ions w e r e  b locked  in  5% norma! goat  serum  (diluted  in  
PBS)  for  1  h,  and  incubated  wi th  a  rabbit  polyclonal  antibody  (Rbl33;  
1:10  000,  courtesy  of  Professor  L.W. Enquist,  Department  of  Molecular  
Biology, Princeton  University,  Princeton,  NJ, USA) overnight  at 4°C.  The  
sect ions  w e r e  then  treated  wi th  biotinylated  anti-rabbit  IgG  (1:200,  
Vector  Laboratories)  for  2  h  at  room  temperature.  The  immuno-
histochemical  reaction  w a s  visualized  wi th  the  ABC-DAB  technique  
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Figure 2.  The  number  of  infected  neurons  increased  logarithmically  with  the  
postinjury/preadministration  time  only  in  the  right  hemisphere  of  the  n7x  animals  
(n7x contralateral;  its log fit is depicted by a broken line). The other three curves are 
linear and parallel to the x-axis. The postinjury/preadministration time on the abscissa 
means that PRV was injected into the animals 0.5 h |n =  2), 1 h (n = 2), 12 h (/) = 2| 
or 24 h (/? =  2) after n7x. The study was also made on eight sham-operated animals. 
The PRV infection was followed in each case  by a 72 h survival time. 

(ABC-Elite  Kit, Vector  Laboratories); sec t ions w e r e  mounted  on  gelatin-
ized  slides,  dehydrated  and  coversl ipped  wi th  Entellan®  (Merck).  

Statistical  Analysis  
To  prevent  experimental  bias,  the  facial  nerve  status  was  d e c o d e d  for  
statistical  analysis  after  cell  counts  had  b e e n  col lected.  In  our  experi-
ments ,  five  consecut ive  (50  pm  thick)  coronal  sec t ions  from  both  
hemispheres  of the  animals w e r e  processed  for  PRV  immunocytochem-
istry. Accordingly,  in both hemispheres ,  all of the  PRV-IR neurons  within  
these  2 5 0  pm  w i d e  bands  of  the  Mis  w e r e  encountered.  In  the  left  
hemisphere,  this  2 5 0  pm w i d e  cortical  band  contained  the  penetration  
channel  too  (Fig.  1). To check  w h e t h e r  the  infect ion  pattern  e x c e e d e d  
the  250  pm  w i d e  band,  o n e  animal  randomly  se l ec ted  from  the  n7x  
group  and  o n e  from  the  sham-operated  group  w e r e  treated  and  
processed  as described  previously,  but  serial  sec t ions  of the  rostral  part  
of  the  hemispheres w e r e  made.  In these  cases, w e  se lec ted  every  sixth  
sect ion  for  data  sampling  (Figs  1  and  5).  We  used  the  nonparametric  
Mann-Whitney  {/-test  to  analyze  the  di f ference  b e t w e e n  the  total  
number  of  infected  cells  on  each  cortical  side  in  the  control  and  n7x  
groups. Repeated-measures  ANOVA w a s applied  to test  the  mean  ef fects  
on  the  number  of  infected  cells  and  the  interactions b e t w e e n  the  facial  
nerve  status  (between-subject ) ,  the  cortical  side  (within-subject)  and  
the  cortical  area  (within-subject).  The  slides  w e r e  processed  digitally  
(Olympus  BX51,  DP 11, Camedia Master 2.0). The  coronal sect ions of  the  
motor  cort ices  w e r e  then  divided  into  six  3 0 0  pm  w i d e  areas  o n  the  
cortical  surface  (Figs  1  and  4) ,  making  the  infect ion  pattern  easier  to  
analyze.  Statistical  analysis was  performed  wi th  the  aid of the  SPSS  11.0  
for Windows  program. The  results  are expressed  as means  ± SD;  P  < 0.05 
was  regarded  as  significant.  

Data  Presentation  in  Figures  
The  PRV-IR  neurons  in  Figrue  3  are  s h o w n  in  microphotographs.  In  
Figure 4, diagrams of coronal  sect ions w e r e  constructed  to  demonstrate  
in  t w o  dimensions  the  distribution  and  localization  pattern  of  PRV-IR  
cells  observed  within  250  pm  w i d e  bands  of  both  cort ices  of  five  
controls  and  five  n7x  animals.  Since  the  di f ferences  in  the  numbers  of  
labeled neurons within  the detailed s tudied  2 5 0  ppm wide  bands  in  the  
five  slides  w e r e  very  small,  the  average  number  of  labeled  neurons  in  
a  slide  could  be  calculated  and  given  ( s e e  the  small  SDs  in  Fig.  4).  In  
these  drawings, the motor cortical s l ices w e r e  divided  into 300  pm  wide  
areas.  The  black  areas  d e n o t e  the  medial  and  lateral  areas  closely  
adjacent to the injection  channel. The gray areas are h o m o t o p i c  to  them.  
In  Figure  5, the  schemat ic  surface  diagrams  depict  in  three  dimensions  
the  distribution  of  PRV-IR  neurons  in  the  frontal  part  of  both  hemi-

Figure 3.  Labeled neurons in the left (4) and right (S) primary motor cortices (Mis) of 
a control animal, and in the left  (C)  and right (D)  primary  motor cortices  of a rat in 
which the right facial nerve was transected 1 h before the PRV infection. Several PRV-
infected  neurons  are  localized  around the  injection channels  IA.  C). We  could  not  
usually  observe  labeling  in  the  contralateral  Ml  of  the  controls  IS),  with  some  
exceptions, where a few labeled cells were detected. Inset in 6:  higher magnification 
of  the  one  labeled  pyramidal  neuron  found  in  this  control  animal.  A  and B  are  
corresponding  slides.)  (D)  PRV-IR  neurons  in  the  homotopic  area  of  the  right  
hemisphere of an n7x animal, after facial denervation.  Calibration:  100 pm in A-D.  In  
the inset in 6,  the bar is  10 pm. 

spheres  of  a sham-operated  and  of  an n 7 x  animal.  LI,  L2 and  L3  denote  
the  three  3 0 0  pm  w i d e  bands  o n  the  cortical  surface  lateral  to  the  
injection  site.  M l ,  M2  and  M3 d e n o t e  the  three  3 0 0  pm w i d e  bands  on  
the  cortical  surface  medial  to  the  injection  site. O l , 0 2  and 0 3  denote  
the three  300 pm w i d e  bands o n the  cortical surface in the  oral  direction  
from  the  injection  site.  C l ,  C2  and  C3  d e n o t e  the  three  300  pm  w i d e  
bands on  the cortical surface  caudal to the injection site ( see  also  Fig.  1).  

Results 

nix  Influences  the  Transcallosal  Spread  of  PRV  
in  a  Time-dependent  Manner  
To  determine  whether  the  peripheral  injury  of  the  nervous  
system  has  a virus  immunohistochemically  detectable  effect on 
the  synaptic  connections,  the  right  facial  nerve  of the  animals  
was  cut  or  the  animals were  sham-operated  before  administra-
tion  of  the  PRV suspension.  Synaptic  reorganization  can  reveal  
viral glycoprotein receptors or can induce other  protein-protein  
interactions,  which  can  modulate  the  entry  or  transmission  
of  viral  particles.  We  were  interested  in  determining  the  time  
course  of the  possible  reorganization,  and we  therefore  applied  
different  postinjury/preadministration  times.  The  results  ob-
tained  with  PRV  are  shown  in  Figure  2.  The  postinjury/  
preadministration  duration  did  not  have  a  significant  effect  on  
the inoculation side  in either group. On the  contralateral  side  of  
the  injured  animals  (n7x  contralateral  in  Fig  2), the  number  of  
infected  neurons  increased  in  a  t ime-dependent  manner.  The  
number  reached  a plateau  at - 1  h  postinjury/preadministration.  
In the  sham-operated  animals, there  was no significant effect  of  
the  resting time  (control  contralateral  and  control  ipsilateral  in  
Fig 2). It  is likely that  the  changes  in the motor  cortex affect the 
neuronal  transmission  of  PRV  in  a short  period,  i.e. within  1 h. 
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Figure  4.  Schematic  diagrams  of the  distribution  of  labeled  cells  in two  slides  of  
controls (4. B) and in two slides of n7x animals (C, 0). The average number of labeled 
cells  per  slide  is  given in these  diagrams.  The  averages  of  the  cell  numbers were 
calculated from the corresponding data on five controls and five n7x animals, i.e. from 
5 X 5  slides. The motor cortices are divided into 300 pm wide areas (see also Fig. 1). 
The black areas denote the 300 pm wide cortical areas in the close medial and lateral 
environment of the injection channel in the left hemispheres |4, C). The gray areas are 
homotopic to them in the right hemispheres  IB, O). Values are means and SDs for PRV-
IR neurons  (n =  25)  (see also Fig.  1).  

PRV  Immunoreactivity  Was  not  Different  on  the  
Inoculation  Side  in  the  Controls  and  the  n7x  Animals  
To  examine  the  effects of  n7x  on  the  entry  and/or  cell-to-cell  
spread  of  PRV, we  compared  the  numbers  and  distributions  of  
infected cells on the inoculation side of the cerebral cortex. The 
primarily  infected  neurons were  found around  the  penetration  
channel  in both  the controls  and the n7x  animals  (Fig. 3AO-  In  
all cases, the primarily infected neurons were  located  discretely  
in the  third  lamina  of the  motor  cortex.  This  is consistent  with  
the  selective  uptake  of  the  virus  by  the  middle-layer  cells.  The 
highest  number  of  labeled  neurons  was  found  close  to  the  
injection  channel,  and  the  number  decreased  with  increasing  
distance from this. These  results seem  to be consistent with  the  
diffusion of  PRV-containing  solution  around  the  cannula.  

There  was  no significant difference between  the  control  and  
n7x groups in the number of labeled neurons (82.3 ± 3 36 versus 
86.2  ±  3 82;  P  =  0.119),  or  in  the  infection  patterns  on  the  
injected  side  (Figs  3A,C and  4A,C).  These  results  indicate  that  
the  entry  of  PRV  into  the  motor  cortical  neurons  is  not  
dependent  on  facial  denervation.  

PRV  Immunoreactivity  Differs  in  the  Contralateral  MI  
in  the  Controls  and  the  n7x  Animals  
To  test  whether  n7x  affects the  cell-to-cell  spread  of  PRV, we 
compared  the numbers and distributions  of infected cells  in  the  
cortex  contralateral  to  the  inoculation.  The  transcallosally  
infected  cells  displayed  cytoplasmic  staining  (as  shown  in  

Fig  3B,  inset),  and  by  72  h  following  inoculation  strong  PRV  
immunoreactivity could be seen  in these neurons. In the  control  
animals,  there  were  significantly fewer  labeled  neurons  in  the  
contralateral  (right  side)  cerebral  cortex  than  in  the  n7x  
animals  (2.0  ±  1.86 versus  5.0  ±  1.83;  P  < 0.001  (see  Figs  3B-D  
and  4B,D).  In the n7x animals, these neurons were  located  close  
to the homotopic line of the injection channel  (Fig. 4D).  n7x not  
only  increased  the  number  of  transcallosally  labeled  neurons,  
but  also affected their  distribution.  ANOVA indicated  a signifi-
cant  three-way  interaction  between  the  facial nerve  status,  the  
cortical  side and the  cortical  area  [F(5,40) =  15.64,  P  < 0.0001], 
i.e.  the  mean  of  the  PRV-IR  cell  number  is dependent  on  the  
cortical  side, the  cortical  area  and the  unilateral  n7x.  

In the  control  animals, the  distributions  of the  transcallosally  
infected  neurons  were  identical  in  the  divided  cortical  areas  
(Fig.  4B).  There  was  no  significant  difference  between  the  
divided  areas  in  the  number  of  labeled  neurons.  

Although we did not perform a detailed study, in the course  of  
a  rough  survey,  PRV-IR  neurons  were  not  found  in  any  other  
cortical  area  (e.g.  in the  somatosensory  cortex)  apart  from  the  
motor  cortices  on both  sides.  

The  Motor  Cortex  Is  Homogenous  for  Viral  Spread  
in  Both  Mediolateral  and  Orocaudal  Directions  
To confirm that this infection pattern  does not exist  in only two 
dimensions, one animal randomly selected from each group was 
treated  and  processed  as  described  previously,  and  serial  
sections  of the  brains were  made. The  surface  diagrams  of  the  
distribution  of  the  PRV-IR  neurons  revealed  a  cone-like  shape  
on  the ipsilateral side  in both groups  (Fig. 5A,C)  and  also on  the  
contralateral  side  in  the  n7x  animals  (Fig.  5 D).  On  the  contra-
lateral side of the sham-operated  animal, the diagram was nearly  
planar  (Fig.  5B). A  possible  explanation  is the  diffusion  of  the  
viral suspension  on  the  inoculation  side  — the farther from  the  
injection  channel,  the  lower  the  probability  of  infected  neur-
ons.  Envelope  proteins  of  PRV  and  other  herpes  viruses  play  
an  essential  role  in  target  cell  recognition,  attachment  and  
receptor-mediated  fusion  of  virions  to  permissive  profiles.  
Additionally,  some  envelope  proteins  exhibit  an  affinity  for  
extracellular  matrix  molecules  such  as  HSPG  that  are  present  
in  the  extracellular  milieu  of  the  nervous  system.  These  
affinities act  to  limit  the  diffusion of virions  from the  injection  
site  and  thereby  contribute  to the  ability to  carry  out  localized  
injections of  PRV. Finally, the  large size  of the  PRV particle  may  
further  aid  in  limiting  the  diffusion of  injected  tracer  (Enquist  
et  al.,  1998; Aston-Jones  and  Card,  2000).  In this  case,  it  means  
that  at  least  this  part  of  the  cerebral  cortex  is  homogenous  
concerning  viral  infection.  

On  the  contralateral  side  of  the  control  animal,  the  distribu-
tion  of  infected  neurons  was  uniform  (Fig.  5B), which  means  
that  the  neurons  around  the  infection  channel  received  affer-
ents  from  all  parts  of  the  contralateral  side.  After  n7x,  this  
afferentation was more  focused; the  surface  diagram  exhibited  
a distribution  of  PRV-IR neurons  similar to that observed  on  the  
inoculation  side  (Fig.  5D).  

These  results indicate that the  transcallosal  cell-to-cell  spread  
of  PRV within the Mis of both  hemispheres  is influenced by n7x. 

Discussion 

The  present  study  has  demonstrated  that  n7x  influences  the  
transcallosal  spread  of  PRV from the  MI on  the  affected side  to  
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Figure  5.  Surface diagrams for a sham-operated (4,6)  and n7x animal (C. D). The diagrams exhibit a cone-like shape, which demonstrates the distribution of PRV-IR neurons on 
the inoculation side (4, C). In contrast, the diagram of the contralateral cortex is virtually planar (8), while in the right hemisphere of the n7x animal there is an impressive peak in the 
surface diagram at the homotopic point of the injection channel (0). It should be mentioned that the distance of sampling was in 300 pm in the mediolateral direction, but 50 pm in 
the rostrocaudal direction in these animals. 

the  contralateral  MI  in  rats.  The  main  observations  were  as  
follows: in the controls,  PRV injection primarily infected several  
neurons  around  the  penetration  channel,  but  hardly  any  trans-
callosally  infected  neurons  were  found  in the  contralateral  MI.  
In coronal sections, these neurons exhibited  an almost  constant  
distribution  from  medial  to  lateral  in  the  cerebral  cortex.  In  
contrast, after right  n7x,  PRV was transported  from the  primar-
ily infected  neurons  in the  left  MI to the  contralateral  side,  and  
resulted  in  the  labeling  of  several  neurons  via  transneuronal  
infection.  These  transcallosal^  labeled  neurons  were  concen-
trated  near  the  homotopic  line  of  the  injection  channel.  The  
number  of  infected  neurons  reached  a plateau  1 h  postinjury/  
preadministration. 

In our  tracing  study, we  did  not  find  any other  infected  brain  
areas associated with  a motor function apart from the  Mis. In the 
Mis, the interhemispheric  connections between the  homotopic  
representation  fields  of  the  vibrissal  muscles  undergo  rapid  
disinhibition  (minutes  after  denervation)  (Toldi  et  al.,  1999;  
Farkas  et  al.,  2000).  The  question  arises  of  whether  this  
disinhibition  of interhemispheric  connections  might  play a role 
in  the  observed  enhanced  transcallosal  labeling.  Our  results  
suggest  that  a new  transcallosal  path  is unmasked  quickly after 
the  peripheral  n7x.  In  adult  rats,  the  MI exhibits  a  noteworthy  
capacity  to  react  to  peripheral  nerve  lesions,  with  changes  in  
the perisynaptic  glia and synaptic  reorganization, with  latencies  
of from  1 h up to  1 day. The results we  have presented  here  also  
show  that  the  changes  in the  motor  cortex  affect the  neuronal  
transmission  of  PRV  within  1  h.  Our  results,  supported  by  
statistical  analysis, suggest  that  n7x  not  only facilitates, but  also  
augments the transcallosal spread  of  PRV from the  left MI to  the  
contralateral  side. Unilateral  n7x did not affect the  entry of  PRV 
into  the  neurons  (infected  primarily).  

To explain  this result, it should be taken into account  that  the  
entry  of  alpha  herpes  viruses  into  the  cells  usually  requires  
multiple  interactions  between  the  viral  envelope  and  the  cell  
surface  proteins.  At  least  two  groups  (HSPGs  and  nectins)  of  
these  cell  surface  (glyco)proteins  are  known  to  play  roles  in  
these  processes  (Mettenleiter,  2000;  Spear  et  alI,  2000).  It  
should  also be considered  that  HSPGs and nectins participate  in  
the  development  and  plasticity  in  adulthood  of  tissues  of  
neuroepithelial  origin  (Carey,  1997;  Rauvala  and  Peng,  1997;  
Suzuki  et  al.,  2000;  Mizoguchi  et  al.,  2002).  

Our present  results suggest  that n7x does not affect the  entry  
of  PRV,  but  increases  the  efficiency  of  its  cell-to-cell  spread.  
Thus,  we  may  speculate  that  the  n7x-dependent  infection  
pattern  appears  to  be  related  not  to  cellular  components  
(HSPGs)  involved  in  the  attachment  of  the  virus, but  rather  to  
cellular  components  located  in  the  synaptic  region  of  the  
membrane  of presynaptic  neurons.  

Many articles (see the  review by Sanes and Donoghue,  2000)  
or  our  own  results  (Toldi  et  al.,  1999;  Farkas  et  al.,  2000)  
demonstrate  that  n7x  induces  changes  in  cortical  activity  in  
extended  areas.  On  the  basis  of  these  results, we  suggest  that,  
as  a  consequence  of  these  changes  in  cortical  activity  (or  in  
parallel with them), changes  also take place  in the expression  of  
the  cell  surface  molecules  in  the  presynaptic  terminals  of  
transcallosal  axons  of  motor  cortical  origin  on  the  right  side.  
Accordingly, we  consider  that  the virus transport  in our  experi-
ments  was  mainly  transynaptic  and  retrograde.  There  are  
additional  indications  in  support  of  retrograde  transport,  (i)  In  
the course  of our experiments, we  never observed  labeled  axon  
terminals  in  the  right  hemisphere.  This  also  holds  for  the  
retrograde  transport,  (ii)  The  firmest  evidence  is  the  recent  
observation  by  Hnquist  and  co-workers  (Enquist  et  al.,  2002;  
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Pickard  et  al,  2002)  that  PRV-Bartha  was  transported  trans-
ynaptically  only  in  the  retrograde  direction  (i.e.  from  post-
synaptic  to presynaptic  neuron).  

The  suggested  relationship  be tween  the  n7x-induced  
changes  in  cortical  activity  and  the  changes  in  the  neuronal  
surface molecules  is fur ther supported,  and  partially  explained,  
by  recent  results  indicating  that  the  expression  of  the  cell  
surface  molecules  which  w e  suggest  might  play  roles  in  the  
retrograde,  trans-synaptic  cell-to-cell  spread  of  PRV  is  con-
trolled  dynamically  and  locally,  and  modulated  by  synaptic  
activity  (Tanaka  et  al,  2000)  or  via  activity-dependent  regula-
tory pathways (Pierre  et  al,  2001; Murase  et  al,  2002).  

However,  in  addition  to  the  adhesion  molecule  (nect in-la)-
aided  cell-to-cell  spread  of  the  virus  (Sakisaka  et  al,  2001),  its  
enhanced direct uptake and retrograde axonal transport into the 
contralateral  hemisphere  after  n7x  cannot  be  completely  ex-
cluded  either. With  regard  to the  enhanced  number  of  PRV-IR  
neurons in the contralateral primary motor cor tex after n7x, due 
either to trans-synaptic retrograde cell-to-cell spread or to direct 
uptake and retrograde transport of the virus, the role of the  cell  
adhesion  molecules in these processes  is hardly  disputable.  

Nectin-1  and  nectin-2,  components  of  a  novel  cell-to-cell  
adhesion  system,  and  localized  within  the  cadherin-catenin  
system at cell-to-cell Ajs, have been shown  to play an  important  
role  in synapse formation  (Mandai  et  al,  1997; Takahashi  et  al,  
1999;  Miyahara  et  al,  2000;  Tachibana  et  al,  2000;  Mizoguchi  
et  al,  2002).  The  synaptic  scaffolding  molecule  (S-SCAM)  is  
localized  at  the  Ajs  in  the  CA3  area  of  t he  hippocampus  in  
a nectin-dependent  manner. This finding indicates that  S-SCAM  
serves as a scaffolding molecule at the Ajs after maturation of the 
synapses and at the synaptic junctions during the maturation. S-
SCAM is a neural scaffolding protein which  interacts wi th  many  
proteins, including  Af-methyl-D-aspartic acid  (NMDA)  receptors  
(Yamada  et  al,  2003).  The  nectin-afadin  system  may  be  in-
volved  in the  structural  changes  that  occur  at  synapses  during  
the  maintenance phase of  LTP by modulating the  redistribution  
of synaptic  components.  

The  remodeling  of  cortical  circuits  (including  new  synapse  
formation) might  also play  a part  in the  plasticity  of the  motor  
cortex,  which  contains  both  the  substrate  ( the  horizontal  
connection  system)  and  the  mechanisms  (LTP  and  long-term  
depression)  for  reorganization  after  peripheral  nerve  injury  
(Sanes  and  Donoghue,  2000).  The  mechanism  by  which  n7x  
increases  the  efficiency  of  cell-to-cell  spread  or  the  direct  
uptake  of  PRV in  the  cortical  network  in  vivo  remains  to  be  
elucidated, but the dense  and focused  PRV-IR suggests  changes  
in the background  (in cell surface molecules), which  should  be  
of  significance  in the  cortical  reorganization  after  a  peripheral  
nerve  injury. We  have  recently  started  to  study  this  aspect  of  
cortical  plasticity.  

Whatever  the  underlying mechanism  is, the peripheral  nerve  
injury-induced  changes  in  the  Ba-DupLac  infection  pattern  
seem  to  be  a  suitable  model  for  the  study  of  injury-induced  
neuronal  plasticity.  Such  studies  reveal  another  aspect  of  
peripheral  nerve  injury-induced  cortical  reorganization.  
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Abstract 

A study was made of the effects of facial nerve transection on trigeminal stimulation- evoked field potentials in the principal trigeminal (Pr5) and 
facial nuclei (7) in rats. Although the transected branch of the facial nerve contains pure motoric efferents, it resulted in enhanced responses in both 
Pr5 and 7. These electrophysiological results suggest a functional circuitry involving the whiskers, trigeminal nerve, Pr5 and 7 and the facial nerve 
as efferent. The disconnection  (opening)  of this loop results  in enhanced responsiveness  of the neurons  in both Pr5 and  7.  
©  2004 Elsevier  Ireland Ltd. All  rights  reserved.  
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Neurophysiological  studies  have  revealed  that  peripheral  
nerve  manipulation  alters  the  topography  of  somatotopic  
representation  maps  in  both  the  somatosensory  [1]  and  the  
motor  cortices  [13].  Following  transection  of  the  facial  
nerve  trunk  or  the  branches  innervating  the  vibrissal  
muscles,  for  example,  the  cortical  representations  of  the  
forelimb  and  eye/eyelid  muscles  become  enlarged  and  
expand  into  the  interposed  facial  nerve  field.  These  plastic  
changes  have  been  observed  to  develop  during  some  days  
after a  nerve  injury  [3,13],  

We  have  reported  transient  but  rapid  changes  (develop-
ing during a few minutes)  in the primary motor cortex  of the 
rat  after  facial  nerve  lesions  [16].  Analysis  revealed  that  
these cortical  plastic changes  were based  on  injury-induced  
disinhibition  [5], which uncovered latent  inputs in the motor 
cortex,  resulting  in  cortical  representational  plasticity  [15].  

These  results  lead  to  the  question  of  how  the  motor  
cortex  is  so  rapidly  'informed'  of  the  injury  to  the  facial  
nerve.  As  an  explanation,  a  loop  functioning  between  the  
whiskers  and  the  central  nervous  system  is  presumed,  in  
which the afferent is the infraorbital branch  of the trigeminal  
nerve,  while  the  efferent  is  the  pure  motoric  postauricular  
branch  of  the  facial  nerve.  The  loop  is  probably  closed  on  
more  than  one  level.  At  a cortical  level,  the  importance  of  
the  associative  connections  between  the  primary  somato-
sensory  and  motor  cortices  in  these  plastic  changes  has  
already  been  studied  [4],  

*  Corresponding  author.  Tel.:  + 3 6 - 6 2 - 5 4 4 1 5 3 ;  fax:  + 3 6 - 6 2 - 5 4 4 2 9 1 .  
E-mail  address:  toldi@bio.u-szeged.hu  (J.  Toldi).  

In  the  present  experiments,  we  studied  a presumed  loop  
closing  at  a  hindbrain  level  in  order  to  learn  (i)  whether  
whisker  stimulation  evokes  responses  in  the facial  nucleus,  
(ii)  whether  axotomy  influences  these  responses,  and  (iii)  
whether  facial  nerve  injury  influences  the  whisker  stimu-
lation-evoked  responses  in  the  trigeminal  nucleus.  

The experimental  procedures  used  in this study followed 
the  protocol  for  animal  care  approved  by  the  European  
Communities  Council  Directives  (86/609/EEC).  In  addition  
to  nine  sham-operated  rats  (the  right  facial  nerve  was  
exposed, but  not cut),  12 littermates  were  studied  at the  age  
of  60-80  days.  They  were  anesthetized  with  a  mixture  of  
Ketavet (10.0 mg/100 g) and Rompun  (xylasine, 0.8 mg/100 
g). The right facial nerve, including its postauricular  branch,  
was  exposed,  and  during  the  experiments  (recordings)  was  
transected  (N7X)  near  the  stylomastoid  foramen.  The  
anesthetized  animals  were  secured  in  a  stereotaxic  head  
holder  (David  Kopf)  that  provided  access  to  the  facial  
nucleus  (7) or brainstem  trigeminal  principal  nucleus  (Pr5).  
After surgery,  the animals  were  allowed  to rest for  1 h. The 
core  temperature  was  maintained  at  37  ±  0.3  °C.  The  
whisker  pad  was  stimulated  with  bipolar  needle  electrodes  
(0.5 Hz, 0.3 ms,  100-150  p.A). Under stereotaxic  guidance,  
evoked  responses  were  recorded  with  a  glass  micropipette  
filled  with  2.5  M  NaCl  (impedance  2 - 7  Mil).  The  
electrodes  were  advanced  in 3 -5 -pm  steps  by  means  of  a  
Narishige hydraulic  micromanipulator. The signals were fed 
into a differential amplifier with  1 Hz lower and 5 kHz upper 
frequency  limits,  and  visualized  on  a  Tektronix  storage  
oscilloscope.  Amplified responses were fed into a computer 
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via  an  interface  (Digidata  1200,  pClamp  6.0.4.  software,  
Axon  Instruments)  and  stored  for  further  processing.  In  
statistical  analysis  (unpaired  two-tailed  i-test),  averages  of  
3 X 20  evoked  potentials  were  used.  For  details  of  the  
stimulation, recording, data processing  and response proper-
ties  evoked  by vibrissa  pad  stimulation,  see  [7,15].  

After  the  experiments,  the  animals  were  fixed  by  
transcardial  perfusion  with  4%  paraformaldehyde  in  0.1  
M  phosphate  buffer.  The  brains  were  removed  and  the  
site  of  the  recording  electrode  was  verified  in  cresyl  
violet-stained  coronal  sections  made  with  a  Vibratome.  

The  experimental  paradigm  is  shown  in  Fig.  1.  Right-
side  whisker  pad  stimulation  (STIM)  evoked  responses  
ipsilaterally  in  both  Pr5  and  7.  In  Pr5,  the  complex  
response  has  components  a,  b,  c  and  d  (Fig.  2A1).  The  
response  properties  observed  in  Pr5  were  discussed  in  
detail  earlier  [7].  However,  this  is  the  first  study  of  the  
effects  of  N7X  on  the  responses  evoked  in  Pr5  by  
trigeminal  activation.  Although  the  injured  branch  of  the  
facial  nerve  contains  pure  motoric  fibers  [14],  its  injury  
resulted  in  increasing  amplitudes  of  component  b  of  the  
response  in  Pr5  (Fig.  2A2,B).  Facilitation  of  component  
b  was  observed  in  five  of  six  animals.  

The  whisker  pad  stimulation  also  evoked  complex  
responses  (field potentials)  in  the  facial  nucleus  (7)  with  a  
¿»-peak latency  of  3.2  ±  1.5 ms (Fig. 3A1). Component  a of 
the  response  (probably  the  antidromic  component)  was  
stable  in  amplitude  and  latency,  but  components  b,  c  and  d 
in  most  cases,  and especially  in the  lateral  part  of  the facial 
nucleus,  proved  sensitive  to  the  facial  nerve  cut. The  most  
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Fig.  1. The  whisker pad,  the  infraorbital  nerve,  the  principal  nucleus  (Pr5),  
the  facial  nucleus  (7)  and  the  facial  nerve  form  a  functional  circuitry  (a  
functional  loop; see  [6]).  By  cutting  the  facial  nerve  (N7X),  we  opened  this  
functional  loop. The experimental  paradigm:  a part of  the trigeminal  system  
(N  V)  (infraorbital  nerve)  was  activated  by  stimulation  of  the  right-side  
whisker  pad  (STIM).  The  evoked  field  potentials  were  recorded  
ipsilaterally,  either  in  the  facial  nucleus  (7,  REC  1)  or  in  the  trigeminal  
principal  nucleus  (Pr5,  REC  2).  The  effects  of  a  facial  nerve  cut  were  
studied  on  the  whisker  pad  stimulation-evoked  responses  in  7  or  Pr5.  SC,  
superior colliculus.  Cerebell  (cerebellar),  Oliv  (olivary),  Pontine  nuclei  and  
the  MI  (primary  motor  cortex)  are  the  main  midbrain,  cerebellar  and  
cortical  inputs of 7.  Arrows  at Pr5: symbolic  outputs of  Pr5, including  VPM  
(ventral  posteromedial  nucleus  of  the  thalamus).  
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Fig.  2.  An  example  of  the  whisker  pad  stimulation-evoked  averaged  
response  (20  responses  were  averaged)  and  its  changes  in  Pr5.  ( A l )  
Electrical  stimulation  of  the whisker pad evoked complex  field  potentials  in  
Pr5, of which component  b  was sensitive to the facial  nerve cut (N7X).  (A2)  
Averaged  response  with  facilitated  component  b  observed  100  min  after  
N7X.  (B)  The  amplitude  of  component  b  (measured  from peak  a  to  peak  b)  
was  greatly  facilitated  after  N7X.  Ordinate:  amplitude  of  component  b  
before  (C)  and  10,  40,  70,  100  or  130  min  after  N7X.  *P  <  0.05;  
**P  <  0.01  (unpaired  two-tailed  /-test;  n  =  3,  i.e.  3 X 2 0  potentials,  
amplitudes  are  mean  ±  S.D.).  

sensitive component  of  the response was b (Fig.  3A2). After 
N7X,  component  b  of  the  infraorbital  nerve  stimulation-
evoked responses  in 7 increased  (in some cases  enormously)  
in  amplitude.  These  plastic  changes  took  30-50  min  to  
develop  (Fig.  3B).  In  two  of  six  animals,  N7X  did  not  
influence the  whisker  pad  stimulation-evoked  responses  in  
7.  The  N7X-induced  facilitation  of  component  b  of  the  
responses  was  recorded  mainly  in  the  lateral  subdivision  of  
7,  but  we  were  unable  to  establish  a  clear  and  firm  
relationship  between  the  recording  site  and  the  facilitation.  

Earlier studies have demonstrated that N7X rapidly induces 
transient  changes  in  large  parts  of  both  hemispheres.  
Electrophysiologically,  the  most  marked  change  is  the  
facilitation  of  the  motor  cortex  responses  to  stimulation  of  
the unilateral infraorbital nerve [15], It has emerged that these 
changes  are based  on  cortical  disinhibition  [5]. The  question  
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Fig.  3.  An  example  of  the  whisker  pad  stimulation-evoked  response  (20  
responses  were  averaged)  and  its  changes  in  7.  ( A l )  Electrical  stimulation  
of  the  whisker  pad  evoked  complex  field  potentials  in  the  facial  nucleus  
with  several  components,  of which component  b  was extremely  sensitive  to  
the  facial  nerve  cut  (A2).  (B)  The  amplitude  of  component  b  (measured  
from  peak  a  to  peak  b)  was  greatly  facilitated  after  N7X.  Ordinate:  
amplitude  of  component  b  before  (C)  and  10,  40,  70,  100  or  130  min  after  
N7X.  **P  <  0.01  (unpaired  two-tailed  /-test;  n  =  3,  i.e.  3  x  20  potentials,  
amplitudes  are  mean  ±  S.D.).  
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arose  as  to whether these plastic changes  are specific to the 
cortex or are also detectable in subcortical structures. A decade 
ago,  morphological  evidence  was  presented  suggesting  that  
synaptic reorganization  in 7 begins within less  than 1 h after 
N7X [11,12]. However, N7X induced motor cortical  electro-
physiological changes within 4 min [16]. Because of the short 
latency, it was suggested that the facial nerve injury probably 
induces  a  process  mediated  by  the  somatosensory  system,  
leading  to  disinhibition  in  the  motor  cortices  of  both  
hemispheres  [IS].  These  data  suggested  a  closed  loop(s?)  
functioning  between  the  whiskers  and  the  central  nervous  
system. We earlier analyzed the afferent (trigeminal) elements 
[7], and the closing of this loop at a cortical level [4,5,15]. We 
have  now  studied  the  question  of  whether  a  closed  loop  
functions at a hindbrain level. 

A  positive  answer can  be  given  to  all  the  questions  put  
forward  in  the  introduction.  Whisker  pad  stimulation  
evoked  responses  not  only  in  Pr5,  but  also  in  7.  N7X  
influenced the evoked field potential  activity  not only  in 7, 
but in Pr5 too.  Anatomical  studies  [17] lead us to speculate 
that N7X  near the stylomastoid  foramen results in axotomy 
of  the neurons mainly  in the  lateral  subdivision of  7.  It has 
been  shown  that  retrograde  injury  factors  resulting  from  
axotomy  are able to alter the membrane properties and thus 
the excitability of facial motoneurons [10]. It is also possible 
that some  part of  the facial  nucleus is  activated  antidromi-
cally  by  vibrissal  pad  stimulation.  Such  activation  could  
leave some facial neurons refractory before their activation 
through  the  trigeminal  loop.  After N7X,  such  antidromic  
inactivation  would  not  be  possible  and  this  could  also  
account for the facilitation  in 7.  The N7X-induced changes  
in  the  evoked  field  potentials  in  7  might  be  explained  in  
these ways, but not the facilitation observed in Pr5. The only 
explanation  is  the  loop  presumed  to  be  functioning  in  the  
hindbrain  (see  Fig.  1).  We  suggest  that  disconnection  
(opening) of the loop would  result  in enhanced  excitability  
not only in 7 but also in other elements of the loop, e.g. Pr5. 

The  anatomical,  behavioral  and  electrophysiological  
evidence  that  has  accumulated  allows  us  to  identify  
neuronal circuitries involved in vibrissa-mediated  sensation  
and  the  control  of  rhythmic  vibrissa  movement  [2,6,8,9].  
Here  we  present  electrophysiological  evidence  for  a  loop  
closing  at a hindbrain level.  

The  role  of  these  loops  in  the  control  of  whisking  has  
been well  studied [8,9], but further experiments  are needed 
to  provide  an  understanding  of  these  processes,  and  
especially  the  mechanism  and  the  importance  of  these  
plastic  changes  in  the  reorganization  following  the  injury  
(opening) of  these closed  loops.  
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Abstract 

Photothrombotic  lesions  were  produced  in  the  rat  primary  motor  cortex,  and  the  brain  excitability  was  assessed  in  a  paired-pulse  
stimulation  protocol  by transcranial  recording,  in parallel  at  16 points  of the frontal cortex, including  the insulted  and  the surrounding  areas.  
The cortical  lesion  reduced  the  inhibition  in  the extended  frontal cortex,  with  a delay  of  a few minutes.  Unilateral  facial nerve  transection,  
however,  accelerated  the widespread disinhibition.  Although  the mechanism  is not clear  in detail,  both peripheral  and central  injury-induced  
disinhibition  may  have  a significant  impact  on  the  recovery  of  the function. 
©  Elsevier  Science  Ireland  Ltd.  All  rights  reserved.  
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It is well known that both deafferentation of a sensory  cortex  
[2]  and  deefferentation  of  the  primary  motor  cortex  (MI)  
[13]  induce  a  reduction  in  cortical  inhibition,  during  which  
different  types  of  cortico-cortical  connections  are  modu-
lated  in efficacy. The functional meaning  of such a change is 
still  obscure,  but  its importance  is unquestionable from both 
theoretical  and  clinical  aspects  (mention  may  be  made  of  
phantom  pain  and  synkinesia).  

No  less  interesting  and  important  a  topic  is  the  
ischaemia-induced  plastic  changes  in  the  cortex  (we  may  
consider  stroke).  Schiene  et  al.  [14]  recently  described  an  
enlargement  of  the  cortical  vibrissa  representation  in  the  
surroundings of an ischaemic cortical  lesion. Extended  brain  
disinhibition  has  been  demonstrated  following  an  ischae-
mia-induced  focal cortical  lesion  [1],  

Both  denervation  and  ischaemia-induced  cortical  
changes  indicate  that  widespread  remote  decreases  in  
inhibition  are  a  common  feature  of  these  peripheral  and  
central  injuries.  

Among  the  questions  that  may  arise,  the most  important  
one  is  how  these  remote  effects  favour  or  impair  the  
recovery  of function. As the  first  step in the investigation  of  

*  Corresponding  author.  Tel.:  + 3 6 - 6 2 - 5 4 4 1 5 3 ;  fax:  + 3 6 - 6 2 - 5 4 4 2 9 1 .  
E-mail  address:  toldi@bio.u-szeged.hu  (J.  Toldi).  

this  complex  problem,  in  the  present  work  we  have  
examined  whether  the  two  manipulations  interact  or  not  in  
causing  disinhibition.  

The experimental  procedures  used  in this study followed 
the  protocol  for  animal  care  approved  by  the  European  
Communities  Council  Directives  (86/609/EEC).  A  total  of  
30  Sprague-Dawley  adult  rats  of  either  sex  were  anaes-
thetized  with  i.p.  injections  of  a  mixture  of  Ketavet  (10.0  
mg/100  g)  and  Rompun  (xylasine,  0.8  mg/100  g). The  rats  
were  placed  into  a  stereotaxic  frame  and  the  skull  was  
exposed.  On  the  left  side,  above  the  MI,  the  skull  was  
thinned  with  a  dental  drill  from about  2  mm  posterior  to  5  
mm  anterior  of  the bregma,  and from 0.5 to 5 mm lateral  of  
the midline.  In the course  of  the operation,  we also  exposed  
the  right  side  facial  nerve  (n7),  including  its  postauricular  
branch. The cortical photothrombotic  (pt) lesion was carried 
out by i.v. injection of  Rose Bengal  (1.3 mg/100 g) and cold 
light  exposure,  as  described  by  Buchkremer-Ratzmann  and  
Witte  [1].  There  were  two  main  groups  of  animals:  the  
controls  (n =  10)  and  the  lesioned  animals  (n  =  20).  In  the  
ten controls, either illumination  was applied  (n  =  4) or Rose 
Bengal  was given  without  cold  light application  (n  =  3). In 
three  animals,  neither  Rose  Bengal  nor  light  exposure  was  
applied.  In three of the 20 lesioned rats, only  a pt lesion  was  
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carried out, while in  17 rats, the pt lesion was combined with  
the transection  of n7 (n7X).  In four of the  17 animals,  the pt 
lesion  was  followed  by  n7X  immediately,  before  the  
electrophysiological  recordings.  In  13  animals,  the  n7X  
was  carried  out  with  a  30  min  delay,  during  the  
electrophysiology.  Since  GABAergic  inhibition  is  stable  at  
low  frequency (<0.1  Hz,  see  Ref.  [4]),  in  nine  animals  in  
this  group,  the  vibrissa  pad  stimulation  was  given  at  0.05  
Hz, while  in all other cases  1 Hz stimulation  was applied,  as  
tried  in  our  own  earlier  in  vivo  studies  [5],  In  all  
experiments,  transcranial  multichannel  recordings  (without  
skull  opening)  were  used.  

During  the  electrophysiological  study,  the  right  vibrissa  
pad  was  stimulated  with  a  bipolar  needle  electrode  (150—  
250  p-A)  to  induce  evoked  potentials  (EPs)  in  the  MI.  
Amplified  responses  were  fed  into  a  computer  via  an  
interface  (Digidata  1200,  pClamp  6.0.4.  software,  Axon  
Instruments)  and stored for further processing. For details of 
stimulation, recording, data processing and response proper-
ties  evoked  in  the  Mis  by  peripheral  somatosensory  
stimulation,  see  Ref.  [15],  

A  paired-pulse  stimulation  protocol  was  applied  to  
investigate  paired-pulse  inhibition  or  facilitation  effects on 
the  amplitudes  of  the  EPs.  Field  potentials  were  recorded  
transcranially,  in  parallel  in  16  channels,  using  tungsten  
electrodes  in  a  matrix  of  4  X 4  mm  over  the  left  MI  (Fig.  
1A). Averaged  amplitudes  of  three  or  60  EPs  during  1 min 
periods  (corresponding  to 0.05 and  1 Hz, respectively)  were  
observed before and after the intervention  (Fig. 2), and were 
computed for all  16 channels. In these experiments, the ratio 
of  the  EP  amplitudes  elicited  by  the  second  versus  the  first  
stimulus  was  calculated  (Q  =  EP2/EP!).  Values  of  Q <  1  
indicate  that  the  second  response  was  inhibited  by  the  first.  
More  details  concerning  the  in  vivo  paired-pulse  stimu-
lation-evoked  responses  in  the  MI,  and  the observations  on  
cortical  inhibition  and  facilitation,  are  to  be  found  in  Ref.  
[5]. 

EP1  EP2  

Fig.  2.  Averaged  amplitudes  of  field  potentials  evoked  by  paired-pulse  
trigeminal  stimulation.  Potentials  were  recorded  in  the  primary  motor  
cortex  (see  star  in  Fig.  1A)  before  (C)  and  10,  30  and  50  min  after  the  
photothrombotic  lesion.  Calibration:  50  min,  200  p-V.  

Routine  light  microscopic  analysis  was  carried  out  on  
animals  surviving  for  2  h  or  2  days  following  the  pt  
lesion,  and  also  on  the  control  rats.  The  deeply  
anaesthetized  (sodium  pentobarbital  80  mg/kg,  i.p.)  
animals  were  perfused  transcardially  with  saline,  fol-
lowed  by  4%  paraformaldehyde  in  0.1  M  phosphate  
buffer  (pH  7.4).  The  brains  were  removed  from  the  skull,  
postfixed  in  the  same  fixative  and  cryoprotected  in  30%  
sucrose.  Frozen  40  |xm  thick  sections  were  cut  serially  in  
the  coronal  plane  and  processed  according  to  the  Gallyas  
reduced  silver  method  for  degenerating  neurones  [6].  

The control  animals  showed  no evidence  of  pathological  

Fig.  1. Exact  localization  of lesions  and the site of  electrophysiological  recordings  in the frontal cortex  of  the  rat. (A) The photothrombotic  lesion  was  produced  
at  the  following  co-ordinates:  frontal, 2 - 3  mm;  lateral,  2  mm.  Transcranial  electrophysiological  recordings  were  carried  out  at  16  points  within  the  matrix  
shown  in  the  figure.  The  filled  circle  represents  the  centre  of  the  core,  which  was  surrounded  by  the  penumbra  (open  circle).  The  sizes  of  both  (core  and  
penumbra)  changed  with time. The histologically  detectable penumbra developed  with  a delay  of  a few  days.  (B)  Brain coronal  section  made  as indicated  with  
a horizontal  line  in (A). The photomicrograph  shows  a damaged cortex  region  as early  as  2  h after the beginning of the photothrombotic  lesion. The  section  was  
processed  according  to  the  Gallyas  method.  L,  lateral;  R,  rostral.  Calibration:  500  pm.  
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changes  in  the  brain  tissue.  No  one  animal  from the  three  
different  control  groups  exhibited  any  histological  altera-
tion. In the pt-lesioned  animals, after 2 h, the ischaemia had 
caused  well-observable  damage  800-1000  p.m  in  diameter  
in  the  brain  tissue,  which  was  typical  after  2  h  of  survival  
(Fig.  IB).  The  tissue  of  the  contralateral  hemisphere  was  
never  involved;  normal-appearing  cells  and  pale  neurones  
were  observed.  

The  present  study  focused  on  the  early  electrophysio-
logical  events  that took place  in the cortex  during  the first 2 
h after illumination.  The  recorded 4 x 4  mm  area  in the MI 
is shown  in Fig.  1A. Right-side  whisker  pad  stimulation  (at  
either 0.05  or  1 Hz) evoked  responses  in  the  entire  left MI, 
with amplitudes of 200-500  p,V. The punctum maximum of 
the  EPs  in the  MI  on  contralateral  whisker  pad  stimulation  
was  localized 2-2.5  mm rostral  to the bregma  and  2.0-2.5  
mm  lateral  to  the  midline.  In  the  controls,  and  in  all  the  
treated  animals  before  the  intervention,  a  double  pulse  
stimulation  study  (see details  in Ref.  [5])  indicated  a rather 
strong  paired-pulse  inhibition,  with  Q  values  of  0.3-0.5  
(Fig.  3A  and  inset  in  Fig.  4).  A  few  minutes  after  the  pt  
lesion, the amplitudes  of the EPs were dramatically  reduced.  
Although  the amplitudes  of the EPs  in the MI were  reduced  
5 -10  min after the pt lesion,  the  Q values calculated  on the 
basis  of  the double  pulse  stimulation  protocol  suggested  an  
increased  level  of  disinhibition  throughout  the  entire  
cortical  area.  After  the  pt  lesion,  the  elevated  Q  values  
varied  in time, but they were always around or above  1 (Fig. 
3B and  the first 25 min  in Fig.  4),  and persisted  at  this  high  
level  during  the  studied  period  of  2-2.5  h.  Similar  results  
were  observed  in  all  animals,  independently  of  the  
stimulation  frequency  applied.  

Interesting  results  were  obtained  in  previously  pt-
lesioned  animals,  in  which  n7X  was  carried  out  with  a  
30  min  delay.  In  these  animals,  the  Q  values  were  
observed  before  and  after  n7X,  as  detailed  earlier.  
However,  a  'general'  level  of  inhibition-excitation  was  
expressed  by  the  Qa  value,  which  represents  the  actual  
inhibition-excitation  level  in  the  entire 4 x 4  mm  cortical  
area  during  the  respective  5  min  period  (see  details  in  
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Fig.  4.  An  example  of  the  change  in  the  'averaged'  Q  values  (£),)  in  time.  
These  Qas  represent  the  means  of  Q  values  (with  SD)  calculated  from  the  
paired  responses  observed  at  16  points  of  the  recorded  area  of  an  animal  
which  underwent  the  photothrombotic  lesion  previously,  before  the  
electrophysiological  recording  (see  the  high  level  of  Qas  (around  1)  at  the  
beginning,  due  to  the  photothrombotic  lesion).  After  facial  nerve  
transection  (vertical  line  with  n7X),  the  Q„  values  further  increased.  
Inset:  diagram of  the  ratio (Q) of  the paired response  amplitudes evoked  by  
right  whisker  pad stimulation  in  a control  animal,  in relation  to  time  (min).  
It should be noted  that the  Q  values  in the primary  motor cortex of  a  control  
rat  were  always  below  1 (around 0 . 3 - 0 . 5 ) .  See  details  in  Ref.  [5],  

Fig.  4).  In  these  animals,  the  Qa  values  were  around  1  
because  of  the  previous  pt  lesion;  these  values  were  
further  increased  by  n7X  (Fig.  4).  The  time-dependent  
pattern  of  the  changes  in  Qa  is  similar  to  that  of  the  
changes  induced  by  pure  n7X  [5],  except  for  the  much  
higher  Qa  values.  Similar  time-dependent  patterns  of  the  
changes  in  Qa  were  found  in  all  13  animals  stimulated  at  
either  0.05  or  1  Hz.  

The  present  experiments  provide  further  support  for  
the  data  obtained  by  means  of  electrophysiological  
studies  showing  that  both  focal  lesions  in  the  motor  
cortex  [1]  and  n7X  [5,15,16]  induce  transient  and  
widespread  disinhibition  in  both,  but  especially  in  the  
insulted  hemisphere.  In  addition,  it  is  shown  that  the  
disinhibition  induced  by  a  previous  focal  lesion  can  be  
further  enhanced  by  n7X.  

Fig.  3.  Q  values calculated  from paired-pulse  stimuli-evoked  averaged potentials recorded  at  16 points  in the frontal cortex of  an animal.  (A)  Q  values before pt 
lesion.  (B)  Q  values  calculated  from  potentials  recorded 4 0  min  after  the  pt  lesion.  
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In  the  present  study,  we  focused  on  the  early  electro-
physiological  events.  However,  it  should  be  noted  that the 
cortical lesion elicits post-lesion repetitive episodes of peri-
infarct depolarizations during the first 10-30 min [8], which 
reduce the synaptic excitation  and inhibition,  and therefore 
might have disturbed our observations. To avoid these early 
misleading  effects,  we  followed  the  electrophysiological  
recordings  for some  hours after the  intervention.  Although  
the  mechanism  of  injury-induced  cortical  disinhibition  is  
still  obscure,  the  studies  indicate  that  decreases  in  
GABAergic  inhibition  are  a  common  feature  of  focal  
ischaemic  cortical  injuries  [1,9].  Similarly,  peripheral  
nerve  injury  also  led  to  decreased  GABAergic  inhibition  
[2,13]. 

The mechanism of decrease  in GABAergic  inhibition  is  
still  not clear in all details, but recently published results of 
an  in  vitro  study  demonstrated  that  ischaemia  caused  an  
adenosine-mediated  inhibition  of  the GABAergic  synaptic  
transmission,  which was coupled  with  an increased paired-
pulse facilitation [3]. Other mechanisms may also have roles 
in this phenomenon, e.g. the dysregulation of the GABA(A) 
receptor subunit [12] or the reverse GABA effect: excitatory 
actions  of  GABA  were  found  after  neuronal  trauma  [17].  
Interestingly,  CP-accumulating  cells  were  observed  in  
axotomized  neurones,  this  finding  fitting  in  well  with  the  
findings of  a reverse GABA effect  [11].  

However,  besides  disinhibition,  strong  facilitation  was  
occasionally observed in the paired-pulse paradigm, after pt 
lesion  +  n7X.  In  the  dentate  gyrus,  the  paired-pulse  
facilitation  is  known  to  have  an  NMDA-mediated  com-
ponent  [7].  It might well  be  that  the elevated excitation of  
NMDA  receptors  is  also  involved  in  these  processes.  This  
appears more  than probable, considering  that the glutamate 
concentration  rises  both  in  the core  and in  the peri-infarct 
region  in focal ischaemia  [10].  

In  our  experiments,  disinhibition  induced  by  previous  
focal  ischaemia  could  be  further  enhanced  by  n7X.  This  
suggests  that  the cortical  disinhibition  capacity  is  not fully 
utilized  after  focal  ischaemia,  and/or  the  mechanisms  of  
these two processes  are at least partly different. 

Whatever  the  mechanisms,  alterations  in  excitability  in  
extensive cortical  regions may have a significant impact on 
the  ability  of  the  function  in  the  cerebral  cortex  to  be  
reorganized following peripheral  or central  injury.  
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Abstract 

This  study  examines  the  hypothesis  that  neuronal  infectivity  and  the  spreading  of  the  pseudorabies  virus  (PRV)  through  the  
synapses  in  the  central  nervous  system  (CNS)  are  influenced  by  the  oestrogen  levels.  The  arcuate  nucleus  (ARC)  and  the  
subfornical  organ  (SFO)  were  chosen  as  models  for  analysis;  the  neurons  in  both  structures  possess  oestrogen  receptors  and  
are  mutually  connected.  A genetically  engineered  pseudorabies virus  (Ba-DupLac) was used as a transneuronal tract tracer. This 
virus  is  taken  up  preferably  by  axon  terminals,  and  transported  very  specifically  through  the  synapses  in  a  retrograde  manner.  
Ba-DupLac  was  injected  into  the  ARC  of  rats,  followed  by  monitoring  of  the  PRV-immunoreactivity  (PRV-IR)  in  the  SFO  72 h 
following  inoculation. We found  no  PRV  immunolabelling  in the  SFO  of  ovariectomized  (OVX)  rats,  or  in those  OVX  animals that  
received  oestrogen  shortly  (4 h)  before  PRV  infection  (OVX +  E 4  h).  In contrast,  in those  OVX  animals  that  received  oestrogen  
12 h before  PRV infection  (OVX  +  E  12 h),  and also  in intact control animals,  PRV-IR  was demonstrated  in the SFO  in all  cases. 
Surprisingly,  a  reverse  labelling  was  observed  in  the  OVX  rats; PRV-IR  appeared  in the  pyriform  cortex,  whereas  PRV-IR  could  
not  be  detected  in  the  control  and  OVX +  E  12 h  animals.  As  far  as  we  are  aware,  this  is  the  first  study  to  demonstrate  that  
transneuronal  PRV labelling depends on the effects of  oestrogen on certain CNS structures and  connections.  

Keywords,  arcuate nucleus,  neuronal  plasticity,  pseudorabies  virus,  subfornical  organ  

Introduction 
In  the  past decade,  a  number  of  publications  have demonstrated  that  
oestrogen  induces  plastic  alterations  in  the  synaptic  connections  in  
the  central  nervous system (CNS) (Perez et  al„  1990; Parducz  et  al.,  
1993;  Frankfurt,  1994;  Langub  et  ai,  1994;  Leedom  et  al„  1994;  
Naftolin et ai,  1996; VanderHorst & Holstege,  1997). Frankfurt et  al.  
(1990)  reported  an  increased  density  of  dendritic  spines  and  
axodendritic  synapses  in  the  ventromedial  hypothalamus  after  
oestrogen  exposure.  A  similar  phenomenon  was  observed  in  the  
hippocampus  (Woolley,  1998),  whereas  Naftolin  et  al.  (1996)  
detected  a  reduced  number  of  synaptic  contacts  in  the  arcuate  
nucleus  (ARC) on  the morning  of  estrus.  

Recent  studies  have  shown  that  pseudorabies  virus  (PRV)  inocu-
lation  into  the  oestrogen-dependent  organs  (e.g.  the  uterine  cervix)  
results  in  the  widespread  PRV  infection  of  CNS  structures  (Lee  &  
Erskine,  2000; Weiss  et  al.  2001).  

To test whether oestrogen really does influence the susceptibility of 
CNS  structures  to  PRV  infection,  we  examined  the  oestrogen-
dependent  spread  of PRV  infection between  the neurons  of  the ARC 
and  the  subfornical  organ  (SFO),  the  neurons  of  both  of  which  
possess  oestrogen  receptors  (Shughrue  et  al.,  1997).  The  hypothal-
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amic  ARC  is  known  to  play  an  important  role  not  only  in  the  
neuroendocrine function (Sawyer,  1979) but also in the control  of the 
cardiovascular  system  (O'Neil  &  Brody,  1985;  Brady  et  al.,  1986;  
Mastrianni  et  al.,  1989;  Kunos  et  al.,  1991).  The  SFO,  one  of  the  
circumventricular  organs, is  involved  in  the  mechanisms  controlling  
thirst,  the  salt-water  balance,  the  arterial  pressure,  the  plasma  
osmolality  (Robertson  et  al.,  1983;  Gutman  et  al.,  1988; Ciriello  &  
Gutman,  1991)  and  gonadotropin  secretion  (Limonta  et  al.,  1981).  
Anatomical  studies  have  revealed  that  the  SFO  and  the  ARC  are  
mutually  connected;  the  SFO  projects  directly  to  the  ARC  (Gruber  
et  al.,  1987),  and  the  ARC  sends  efferents  to  the  SFO  (Rosas-
Arellano & Ciriello,  1992).  

These  observations,  taken  together  with  the  electrophysiological  
finding  that  the  ARC  neurons  exert  different  effects  (inhibition  or  
excitation)  on subpopulations  of  neurons in the SFO  (Rosas-Arellano  
et  al.,  1993), suggest the possibility  of  a feedback loop by which the 
ARC  may  influence  the  excitability  of  the  SFO  output  neurons  in  
response to bloodborne substances. In addition, the SFO may alter the 
sensitivity  of  the  ARC  neurons  to  incoming  afferent inputs  (Gruber  
et  al.,  1987).  

Male,  female and ovariectomized  (OVX)  female rats  treated  with  
oestrogen  (OVX +  E) or untreated  (OVX)  were  studied.  A PRV was  
utilized  as a transneuronal  tract-tracing  tool. The major advantage of  
herpesviruses  over  traditional  transynaptic  tracers  is  that  they  can  
self-amplify after crossing synapses (Card et al.,  1993). The transport 
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TABLE  1.  Summary of data from the 5 groups of rats given  PRV injections 

Numbers of  labelled  neurons  

Vehicle  treatment  Oestrogen  treatment  

Intact  males  Intact females OVX females OVX + E 4 h OVX + E  12 h 
Brain area* (n = 6) (n =7) (n=4) (n =4) (n=4) 

Ipsilateral  ARC  66.0  ±  4.1  74.5  ±  7.7  76.3  ±  8.9  73.7  ±  4.5  68.5 ±  5.4  
Contralateral  ARC 34.8  ±  5.2  39.5  ±  3.5  38.8  í  5.1  40.6 ±  1.7  36.9 ±  7.2  
Ipsilateral  SFO 4.4  ±  0.3  6.9  ±  2.4  0 0 3.1  ±  0.6  
Contralateral  SFO  1.6 ±  0.5  2.9  ±  1.3  0 0 1.2 ±  0.5  

*Ipsilateral/contralateral  to injection site.  Numbers  of  labelled  neurons are given as means  ±  SD.  OVX + E 4 h/12 h,  ovariectomized  females that  received a 
single dose of  17|3-estradiol  4  h/12 h before PRV injections. Sesame oil  was used as vehicle.  

of  an attenuated PRV variant,  strain Bartha (PRV-Ba)  (Bartha,  1961),  
between  CNS  neurons  has  been  reported  to  occur  predominantly  at  
points of  synaptic contact,  and to proceed  in the retrograde  direction,  
i.e.  from  axon  terminals  through  the  ceil  body  to  the  presynaptic  
afferents  (for  a  review,  see  Enquist  et  al.,  1998).  We  used  Ba-
DupLac,  a  genetically  modified  PRV-Ba  derivative  that  was  
developed  for tract-tracing  studies.  

Materials  and methods 

Animals  and  surgical  procedures  

The experimental  procedures used in this study followed the protocol 
for animal  care approved by the Hungarian  Health  Committee  (1998)  
and by the European  Communities  Council  Directives  (86/609/EEC).  
All  efforts  were  made  to  minimize  the  number  of  animals  used.  A  
total  of  28  adult  Sprague-Dawley  rats  (22  females  and  six  males)  
were  raised  with  access  to  water  and  food  pellets  (Altromin)  
ad  libitum.  Fourteen  of  the  22  females  were  ovariectomized  (OVX)  
by  means  of  bilateral  dorsal  incisions.  All  the  surgical  procedures  
were carried out under deep ketamine/xylazine  anaesthesia  (ketamine  
10.0 mg/100  g  and  xylazine  0.8  mg/100  g  body  weight,  i.p.).  Eight  
females  and  six  males  remained  intact.  Vaginal  smears  were  taken  
daily  from  the  control  females  throughout  at  least  two  consecutive  
4-day  oestrus  cycles  before PRV  injection.  

Fourteen  days  after OVX,  the  operated  female  rats  (n  =  14)  were  
divided into three groups: (i) those (n  =  4)  that received  a single  dose  
of  17(J-estradiol  (100 pg/100  g  in  sesame  oil,  i.p.)  4  h  before  PRV  
injection  (OVX  +  E  4  h);  (ii)  those  (n  =  4)  that  received  a  single  
dose  of  17P-estradio]  (100  jig/100  g  in  sesame  oil,  i.p.)  12 h before 
PRV  injection (OVX  +  E  12 h);  and  (iii),  those  (#i =  6)  that  received  
an  injection  of  vehicle  alone  (OVX).  Intact  males  and  females  
received  an  injection  of  vehicle  4  or  12 h  before PRV  injection.  In  
three of  the 28  animals,  the PRV infection  was  not  successful; PRV-
IR  neurons  were  not  found  in  the  ARC.  In  this  study,  only  those  
animals  in  which  the  result  of  inoculation  was  positive  were  
evaluated  (n  =  25).  The  data  on  the  groups  involved  in  this  study  
are  detailed  in  Table  1.  

Cells  and  virus  

A  porcine  kidney  cell  line,  PK-15,  was  used for the propagation  and  
titration  of PRV. Cells were grown  in Dulbecco's  modified  minimum 
essential  medium  (DMEM)  supplemented  with 5%  foetal calf  serum  
at  37  °C  in  a C 0 2  incubator.  Aliquots  of  PRV  (1000 pL  per  vial)  
were  stored  at  -80  °C,  and  single  vials  were  thawed  immediately  
prior  to  injection.  

Construction  of  the  recombinant  virus  

The  BamHI-8'fragment  of  PRV  was  isolated  from  the  gel,  and  
subcloned  to  pRL525,  a  palindrome  containing  a  positive-selection  
vector  (Elhai  &  Wolk,  1988). The  targeting  plasmid  (pB8'Dra-Lac)  
was  constructed  by  insertion  of  the  lacZ-expression  cassette  to  the  
unique  Dral  recognition  site  of  the  BamHl-8'  fragment  in  multiple  
steps. The  general  structure of  the  lacZ  gene cassette was as follows. 
The  reporter  gene  was  controlled  by  the  human  cytomegalovirus  
immediate  early  1 promoter/enhancer,  and  terminated  by  the  simian  
virus 40 polyadenylation/termination  (poly A) sequence.  Recombinant  
virus  was generated  by  the cotransfection  of  actively  growing  PK-15  
cells  with  the  purified  PRV-Ba  DNA  and  pB8'Dra-Lac  via  
electroporation,  as  recently  described  (Boldogkoi  et  at.,  2000).  
LacZ-containing  virus  was  screened  by  means  of  the  appearance  of  
blue plaques  in  the presence  of  X-Gal,  the chromogenic  substrate  of  
fi-Gal.  The plaques were selectedand  plaque-purified to  homogeneity  
through 3-5  rounds  of  purification  steps.  

Injection  of  the  virus  

Fourteen days after OVX, the animals were  reanaesthetized.  The head 
of each rat  was  fixed in  a stereotactic  headholder  (David  Kopf), onto 
which  a  special  Hamilton  syringe  (tip  outer  diameter  200  (un)  was  
mounted.  The  PRV  was  injected  with  special  care;  the  inoculations  
were  carried  out  by  the  same  person  at  the  following  coordinates:  
frontal, -2 .5  mm  (to  the  bregma);  lateral,  0.2  mm;  vertical,  9.0  mm  
from the cortical  surface (Paxinos  & Watson,  1998). The  injection  of  
0.1  pL PRV  was  achieved  over  5  min  by  pressure  (PRV  concentra-
tion  10® pfu/mL;  vehicle,  DMEM  + 5%  foetal  calf  serum).  After  
completion  of  the  injection, the pipette  remained  in  the  tissue  for  an  
additional  5  min  in  order  to prevent  any  backflow of  the PRV  or  its  
spread  into  the  surrounding  areas.  After  the  PRV  injection,  the  
incision  on  the  head  was  closed  and  each  animal  was  housed  
individually  in  a  plastic  isolation  cage.  The  necessary  precautions  
relating  to  the  handling  of  PRV  were  taken  throughout  the  
experiment.  All  materials  that  came  into  contact  with  PRV  during  
surgery  were  cleaned  in  95%  ethanol  and  Softa-Man  solution  and  
disposed  of  as  biohazardous  materials.  The  presence  and  location  of  
PRV-IR  neurons  were  checked  in  all  animals.  Of  the  28  animals  
injected in  these experiments,  25  (89%)  were  subsequently  observed  
to have  PRV-IR  neurons  in  the ARC  at  the  time  of death  (72  h after 
PRV infection). The positions  of  the  tip of  the Hamilton  syringe  and  
the  lesion  induced by  the PRV  injection  were  verified  histologically  
in  cresyl  violet-stained  sections.  Only  those  animals  were  evaluated  
(n  =  25)  in  which  the  infection  was  successful,  i.e.  primary  infected  
neurons (PRV-IR) were  seen  in the ARC,  and  the terminal part of  the  
penetration  channel  was  localized  exactly  in  the  ARC.  
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Perfusion and  immunocytochemistry  
After  survival  for  72  h,  animals  were  deeply  anaesthetized  with  a  
mixture of Ketavet/Rompun solution as described above and perfused 
transcardially  with  approximately  200 mL  of  phosphate-buffered  
saline (PBS, 0.1 mol/L, pH 7.3), followed by  approximately 200 mL 
of  Zamboni's  fixative.  Brains  were  postfixed  in  fresh  Zamboni's  
solution  overnight.  Coronal  sections  of  the  brain  (SO (im)  were  
obtained  using  a  vibratome  (Campden  Instruments)  and  every fifth 
section  was processed  for PRV  immunocytochemistry.  

The  sections  were  blocked  in  5%  normal  goat  serum  (diluted  in  
PBS)  for  1 h,  and  incubated  with  a  rabbit  polyclonal  antibody  
(Rbl33;  1 :  10 000, courtesy of Professor L. W. Enquist,  Department 
of  Molecular  Biology,  Princeton  University,  Princeton,  USA)  over-
night  at  4  °C.  The  sections  were  then  treated  with  biotinylated  
anti-rabbit  IgG  (1  : 200,  Vector  Laboratories)  for  2  h  at  room  
temperature.  The immunohistochemical  reaction  was visualized  with  
the  ABC-DAB  technique;  sections  were  mounted  on  gelatinized  
slides, dehydrated  and coverslipped  with  Entellan'8'  (Fluka).  Sections  
containing  labelled  cells  in  the  ARC  or  SFO  were  included  in  cell  
counting.  As  eveiy  fifth  section  was  processed  for  PRV  immuno-
histochemistry,  four sections  were  used  in both  the ARC and SFO in 
each  animal,  and  all  the  positive  neurons  were  counted  in  these  
structures. 

Statistical  analysis  
Statistical  analysis  was  performed  with  the  aid  of  the  SPSS  9.0 for 
Windows  program.  The  results  are  expressed  as  means  ±  standard  
deviation  (SD).  The  significance  of  differences  in  the  data  was  
determined  by  one-way  analysis  of  variance  (ANOVA), followed  by  
Bonferoni's post  hoc analysis. A P-value less than 0.05 was regarded 
as significant.  

Results 

PRV immunoreactivity  in intact  females  and  males  
Efforts were made to determine the exact phase of the oestrus cycle in 
females. As  we  could  not precisely  determine  this,  we  used  a  larger  
number  of  intact  females for inoculation  with  PRV.  

In these animals, primary infected neurons were found in the ARC, 
around  the end  of  the penetration  channel.  In  all  the evaluated  intact  
animals,  PRV-IR  neurons  were  also  seen  in  the  SFO  (Table  1 and 
Pig.  1A-D).  The  specificity  of  PRV  injection  is  shown  by  the  
lateralization;  a higher number of labelled  neurons were found on the 
injected  (left)  side  (males  66.0 ±4 .1 ;  females  74.5  ±  7.7  labelled  
neurons)  than  on  the  contralateral  side  (males  34.8  ±  5.2;  females  
39.5  ±  3.5;  see  Fig.  1A  and  B  and  Table  1).  In  the  ARC,  no  
significant differences were  found between  male  and  female control 
animals. 

PRV-IR  neurons  were  also  found  in  the  SFO  of  both  males  and  
females. Significant differences were  observed  between  females and 
males  in  the  number  of  infected  SFO  neurons  (males  4.4  ±  0.3;  
females 6.9  ±  2.4  on  the  injected side;  see Table  1).  

Labelled  neurons  were  rarely  found  in  other  hypothalamic  
structures,  and  were  therefore not  studied  systematically  elsewhere.  

PRV  immunoreactivity  in ovariectomized  animals  
In  the  OVX  animals  treated  with  vehicle,  PRV-IR  neurons  were  
found only  in the ARC, as a result  of the primary infection (similar to 
Pig.  1A  and  B  and  Table  1),  but  not  in  the  SFO.  These  primary  
infected  cells  displayed  cytoplasmic  staining  and,  by  72  h following 
infection,  various  intensities  of  PRV-IR  could  be  seen  in  these  

neurons.  The  number  of  labelled  neurons  in  the  ARC  of  the  OVX  
animals did not change significantly as compared to the intact females 
(Fig.  2).  

Careful observation of sections derived from the brains of the OVX 
rats  revealed  no  sign  of  PRV-IR  in  the  SFO (Table  1 and  Fig.  3A),  
but  PRV-IR  neurons  appeared  in  the  pyriform cortex  in  all  of  these  
animals (Fig. 3C). It was interesting that PRV-IR was observed  in the 
pyriform cortex in the OVX rats, whereas staining was not seen at all 
in  the  SFO  of  these  animals.  However,  in  the  controls  and  the  
OVX + E  12 h animals,  which exhibited  stained  neurons in  the SFO 
(see details below), PRV-IR was found in the pyriform cortex  in only 
a  single  neuron  of  one  animal  (not  shown).  

PRV-IR in oestradiol-treated  ovariectomized  rats  
In  these  animals,  primarily  infected  neurons  were  found  in  the  
immediate  vicinity  of  the  penetration  channel  in  the  ARC,  as  
described  above.  

In  the  SFO  of  the  OVX  + E  animals,  however,  PRV-IR  neurons  
were observed in only one of the two groups. The animals which were 
treated  with  17P-estradiol  4  h  before  inoculation  (OVX + E 4 h 
group)  did  not  exhibit  PRV-positive  neurons  in  their  SFO (similarly  
as shown in Fig.  3A). However, all the animals in the OVX + E  12 h 
group  contained  PRV-IR  in  the  neurons  in  the  SFO  (Table  1  and  
Fig.  3B).  These  PRV-infected  cells  displayed  strong  cytoplasmatic  
staining  (as  in  Fig.  1C,  inset).  The  lateralization  in  labelling  could  
also be seen  in  the SFO,  i.e. there was either only  staining  ipsilateral  
to the inoculation  (Fig.  3B) or a higher number of labelled cells were 
found  on  the  ipsilateral  side:  3.1  ±  0.6  on  the  injected  side  and  
1.2  ±  0.5 on the control  side  (as  in  Fig.  1C and D  and Table  1).  

The statistical analysis did not reveal a significant difference in the 
ARC  between  the  groups,  either  ipsilateral  to  the  inoculation  
(F4.20  =  1.267,  P =  0.316)  or  contralateral  to  it  (F4 2 0  = 2.383,  
P = 0.086,  see Table  1 and Fig.  2).  In  the SFO, however,  the  groups  
differed significantly  both ipsilateral  to the inoculation  (F'2.14 =  8.07,  
P =  0.005)  and  contralateral  to  it  (F2i14  = 5.1,  P =  0.0022).  
Bonferroni's  post  hoc  test  showed  that  there  was  not  a  significant  
difference  in  the  number  of  labelled  cells  in  the  SFO  between  the  
OVX + E  12 h animals and the intact males. The numbers of labelled 
neurons in these groups, however, were much lower than  in the intact 
females. 

The numbers  of  labelled  neurons  both  ipsilateral  and  contralateral  
to  the  inoculation  in  the  groups  of  females differ significantly from 
those found  on  the respective  sides  of  the other  groups (see Fig.  4).  

Discussion 

The  present  study  has  demonstrated  an  oestrogen-dependent  trans-
neuronal  spread  of  PRV  from  the  ARC  to  the  SFO  and  pyriform  
cortex  of female rats. The  main  observations  were  as follows: in  the 
presence  of oestrogen  (intact  and OVX  +  E  12 h animals),  PRV  was  
transported  from  the  primarily  infected  neurons  in  the  ARC  to  the  
SFO,  but  not  to  the  pyriform  cortex  (with  the  exception  of  a  single  
neuron  labelled  in  one  animal).  By  contrast,  in  the  absence  of  
oestrogen  or  before  the  oestrogen  had  had  time  to  exert  its  effect  
(OVX and OVX  + E  4  h animals),  we never observed PRV infection 
in  the  SFO  cells  following  ARC  inoculation,  whereas  strongly  
labelled  neurons  appeared  in  the  pyriform  cortex  of  these  animals.  
The  reverse  labelling  of  the  pyriform  cortex,  rather  than  that  of  the  
SFO,  is  surprising,  and  we  have  no  definite  explanation  for  this  
phenomenon  at present.  We could  not observe  a correlation  between  
the  labelling  (in  the  SFO vs.  the  pyriform cortex)  and  the phases  of  
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FIG.  1.  Primarily  infected  neurons  in  the  arcuate  nucleus  (ARC)  72  h  after  the  injection  of  PRV  into  the  nucleus  in  a  control  animal.  (A)  Labelled  neurons  in  
the  medial  posterior  part  of  the  arcuate  hypothalamic  nucleus  (ARC),  at  low  magnification.  Note  the  specificity  of  the  PRV  injection  and  the  higher  number  
of  labelled  neurons  on  the  injected  side  (left).  (B)  Number  and  localization  of  immunoreactive  neurons  in  the  ARC  are  indicated,  using  a  drawing  modified  
after  Paxinos  &  Watson  (1998).  Each  dot  represents  one  neuron;  the  total  number  of  neurons  labelled  in  this  Figure  indicates  the  total  number  of  labelled  
neurons  in  one  animal.  The  boxed  area  in  the  schematic  diagram  (top  right-hand  comer  of  panel  B)  shows  the  enlarged  area  in  B.  (C  and  D)  Secondary  
infected  neurons  in  the  SFO  following  the  injection  of  PRV  into  the  ARC  of  an  intact  animal.  The  boxed  area  in  C  is  shown  at  higher  magnification  in  the  
bottom  right-hand  comer  of  panel  C.  The  boxed  area  in  the  schematic  diagram  (top  right-hand  corner  of  panel  D)  shows  the  enlarged  area  in  D,  in  which  the  
number  and  localization  of  the  immunoreactive  neurons  in  the  SFO  of  one  animal  are  indicated,  using  a  drawing  modified  after  Paxinos  &  Watson  (1998).  
Note  the  higher  number  of  labelled  neurons  on  the  injected  side  (left).  Scale  bar,  100  pm.  

the  oestrus  cycle.  Although  we made efforts to determine  the  distinct  
phases  of  cycle,  we  did  not  observe  the  cycling  clearly  in  each  case.  
Therefore,  we  argue  that  although  the  females  were  in  different  
phases  (e.g.  in  oestrus  or pro-oestrus)  of  their  cycle,  the  methods  we  
use  did  not  allow  an  exact  evaluation  of  the  cycle.  Because  of  this  
uncertainty,  we  used  more  control  females  than  the  number  of  
animals  in  the  OVX  groups  (seven  animals  vs.  four  animals,  
respectively).  The  hormonal  influence  of  the  different  phases  of  the  
oestrus  cycle  in  the  intact  females used  in  this  study  was reflected by 

the relatively high standard  deviation for the number of labelled  cells.  
These  results,  which  are  supported  by  the  statistical  analysis,  suggest  
that relatively  low  levels of oestrogen  are able  to produce  labelling  in  
the  SFO both  in  males  (due  to the  activity  of  the  enzyme  aromatase)  
and  in  females  (independently  of  the  actual  phase  of  the  oestrus  
cycle).  However,  this  was not the case in  the OVX  and OVX  +  E 4  h  
animals,  where the oestrogen  levels were likely  to be so critically  low  
as  not  to  produce  labelling.  Zhu  &  Pfaff  (1998)  reported  that  a  
relatively  short  length  of  time  (60  min)  was  sufficient  to  induce  
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FIG. 2.  The  diagram  shows  the  number  of  labelled  neurons  in  the  ARC  of  
the  different  animal  groups.  OVX,  ovariectomized  animals',  F,  females;  M,  
males;  OVX  +  E  4  h,  17|3-estradiol  treatment  4  h  before  virus  injection;  
OVX  +  E  12  h,  17p-estradiol  treatment  12  h  before  virus  injection;  ARCi,  
arcuate  nucleus  ipsilateral  to  the  inoculation;  ARCc,  arcuate  nucleus  
contralateral  to  the  inoculation.  Median  values  are  presented  by  transverse  
lines.  Boxes  relate  to  a  probability  of  95%.  There  is  no  significant  
difference  in  the  number  of  labelled  neurons  between  the  groups,  neither  
ipsilateral  nor  contralateral  to  the  inoculation.  

changes  in  the  binding  of  an  AP-1  nuclear  transcription  factor  (such  
as c-fos or c-jun) in  the  rat  hypothalamus  after oestrogen  application.  
Nuclear  ultrastructural  changes  were  observed  in  the  hypothalamic  
neurons  2  h  after oestrogen  treatment  in  OVX  animals  (Jones  et  al.,  
1985).  In  our  experiments,  however,  no  transneuronal  labelling  was  
produced  4  h after oestrogen  application.  These  findings  suggest  that  
the  oestrogen  dependence  of  PRV  labelling  is  based  on  long-latency  
changes  involving  gene  expression  rather  than  on  transcriptional  
mechanisms. 

As  far  as  we  know,  the  present  study  is  the  first  to  demonstrate  
oestrogen-dependent  tracing  with  PRV  in  the  CNS.  Our  working  
hypothesis  is  based  on  the assumption  that,  by  selecting  a PRV  strain  
with  a  highly  attenuated  phenotype  and  specific  spreading  character-
istics,  we can create  a system  based  on  the  'all  or none'  principle,  i.e.  
transneuronal  PRV  labelling  does  not  work  below  a  critical  level  of  
oestrogen. 

The  results  of  this  study  suggest  that,  in  the  absence  of  oestrogen,  
the  connections  between  the  ARC  and  the  SFO  do  not  permit  the  
transmission  of  PRV  to  the  SFO,  but  this  situation  is  altered  in  the  
presence  of oestrogen.  This oestrogen-dependent  labelling  of the  SFO 
could  possibly  be  induced  by  the  oestrogen-dependent  synaptic  
plasticity,  which  has been  well  documented  in  several  regions  of  the  
CNS  (Chung  et  al.,  1988;  Parducz  et  al.,  1993;  Langub  et  al.,  1994;  
Naftolin  et  al.,  1996; VanderHorst  & Holstege,  1997; Woolley,  1998;  
Flanagan-Cato  et  al.,  2001).  

However,  if  oestrogen  plays  a key role  in the regulation  of  synaptic  
remodelling  in  some  brain  structures,  then  the  action  of  oestrogen  on  
oestrogen-sensitive  neurons  within  these  areas  might  be  expected  to  
influence  both  the  incidence  and  the  rate  of  PRV  infectivity  by  
altering  the  synaptic  connections  between  these  structures.  

It  is  well  established  that  neurons  in the SFO  send axons  directly  to  
the  ARC  (Gruber  et  al.,  1987).  The  anatomical  data  and  our  own  
results  suggest  that  the existence  of  the  synaptic contacts  between  the  
axon  terminals  of  the  neurons  in  the  SFO  and  the  ARC  neurons  is  
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FIG.  3.  (A)  Lack  of  secondarily  infected  PRV-immunoreaclive  neurons  in  
the  SFO  of  an  ovariectomized  (OVX)  animal.  Note  the  complete  lack  
of  staining  72  h  after  PRV  inoculation.  Scale  bar,  100  pm.  (B)  
Immunoreactive  neurons  in  the  SFO  of  an  OVX  animal  which  received  
estradiol  12  h  before  virus  infection  (OVX  +  E  12  h).  Note  the  presence  of  
PRV-immunoreactive  cells  in  the  SFO.  Scale  bar,  100  pm.  (C)  PRV-
immunoreactive  neurons  in  the  pyriform  cortex  of  an  OVX  animal.  Scale  
bar,  100  pm.  
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FIG. 4.  The  number  of  labelled  neurons  in  the  SFO  of  the  different  groups.  
SFOi,  subfornical  organ  ipsilateral  to  the  inoculation;  SFOc,  subfornical  
organ  contralateral  to  the  inoculation.  All  labels  are  as  in  Fig.  2.  The  
numbers  of  labelled  neurons  both  ipsilateral  (**)  and  contralateral  (*)  to  the  
inoculation  in  the  groups  of  females  differ  significantly  from  those  found  on  
the  respective  sides  of  the  other  groups.  Note  the  high  variability  in  the  
number  of  labelled  neurons  in  the  group  of  females.  The  reason  for  this  is  
probably  that  the  animals  were  in  different  phase  of  the  oestrus  cycle.  

oestrogen-dependent.  Other  studies  have  demonstrated  that  the  
densities  of  dendritic  spines  and  axodendritic  synapses  in  the  
hypothalamus  (Frankfurt  et  al..  1990)  and  in  the  hippocampus  
(Woolley,  1998)  are oestrogen-dependent.  An increase  in  the  number  
of  synaptic  contacts  between  the  supraspinal  presynaptic  neurons  
located  in  the  nucleus  retroambiguus  of  the  caudal  medulla  and  the  
spinal  postsynaptic  lumbar  motoneurons  in  cats  in  estrus  and  in  
oestrogen-treated  cats  has  been  reported  by VanderHorst  &  Holstege  
(1997).  However,  as  reported  by  Naftolin  et  al.  (1996),  there  are  a  
reduced  number  of  synaptic contacts  between  the cells  in the ARC on 
the morning  of oestrus. Parducz et al. (1993) found that  this reduction 
was  mainly  due  to  a  decrease  in  the  number  of  y-aminobutyric  acid  
(GABA)ergic  synapses,  whereas  the  number  of  non-GABAergic  
axosomatic  synapses  did  not  change  significantly.  

Taken  all  together,  as  the  number  of  synaptic connections  between  
the  ARC  and  the  SFO  is  reversely  influenced  by  oestrogen,  this  
mechanism  cannot  provide  a  direct  explanation  for  the  increased  
labelling  by  PRV  due  to oestrogen  treatment.  

A  second,  more  viable  mechanism  that  could  underlie  the  
phenomenon  is  that  oestrogen  modulates  the  infectivity  of  neurons.  
Weiss  et  al.  (2001)  found that  PRV  injections  into  either  the  uterine  
cervix  or  the  kidney  produced  an  oestrogen-dependent  infection  in  
specific CNS  structures.  The  oestrogen-dependence  of  transneuronal  
viral  tracing  from  the  kidney  suggests  that  oestrogen  influences  the  
spread  of  PRV  between  CNS  structures  and  not  the  uptake  of  virus  
from  the  site  of  injection.  By  contrast,  Lee  & Erskine  (2000)  found  
that  PRV  infectivity  was  not  altered  by  oestrogen  treatment.  The  
reason for that  result  might  be that  they  applied  the PRV  peripherally  
(uterine cervix)  and  not  into the CNS. The different labelling  patterns  
in  the  SFO  and  pyriform  cortex  lead  us  to  suggest  that  the different 
types  of  neurons (different structures  in the CNS)  may be  susceptible  
to  virus  infections  in  different  ways,  thereby  resulting  in  the  
occurrence  or  lack  of  transneuronal  viral  labelling.  

The results  could  also suggest  that  not  only  did the direct injection 
of  PRV  into  the  ARC  infect  the  ARC  neurons  and  then,  by  
transneuronal  spreading  of  the  virus,  the  SFO  neurons,  but  the  
terminals  of  the SFO neurons  could  have taken  up  the  virus  and  also  
become  primarily  infected.  Although  this  possibility  cannot  be  
excluded,  the high  number  of  primary  infected  ARC neurons  suggest  
that neurons in the SFO were mainly infected by transneuronal  spread  
of  the  virus.  

These  data  and  our  own  observations  indicate  that  transneuronal  
PRV  labelling  depends  on  the  effects  of  oestrogen  on  the  CNS  
structures  and  connections,  and  that  synaptic  remodelling  influenced  
by  oestrogen  is  less  likely  to  play  a  key  role  in  the  spread  of  PRV  
within  the  CNS.  

Though  little  is  known  of  the  relation  between  the  oestrogen  
receptors  (ER-a  and  ER-(3)  and  the  oestrogen-dependent  synaptic  
plasticity  or neuronal  infectivity, this is presumably  also an important  
factor.  From  this  point  of  view,  it  might  be  interesting  that different 
types  of  ERs  are  expressed  on  the  neurons  in  these  structures,  e.g.  
only ER-a  was found  in the SFO, whereas both ER-a  and ER-p exist  
in  the  ARC (Shughrue  et  al,  1997).  

These results demonstrate  that PRV tracing is a suitable method for 
the  evaluation  of  oestrogen-dependent  labelling  in  the  CNS.  
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Abstract  Rationale  and  objectives:  The  long-term  ef-
fects  of  neonatal  treatment  with  MK-801  on  spatial  
learning  and  cortical  plasticity  were  investigated  in  adult  
rats.  Methods:  Rat  pups  were  injected  twice  daily  with  
MK-801  (0.1  mg/kg)  on  postnatal  days  7-19,  participat-
ed  in  water  maze  testing  between  postnatal  days  90  and  
102,  and  were  then  studied  electrophysiologically.  
Results:  Treatment  with  MK-801  in  such  a  low  dose  re-
sulted  in  a  very  slight  impairment  of  performance  in  
the  water  maze  task,  but  not  in  the  visual  cue  response.  
Besides  the  slight  learning  impairment,  the  electro-
physiological  study  revealed  a  reduction  in  the  capa-
city  for  plasticity  in  the  primary  motor  cortex  of  the  
treated  animals,  which  was  pronounced  in  the  controls.  
Conclusion:  The  study  demonstrates  that  even  a  slight  
impairment  in  learning  and  memory  function  may  be  
accompanied  by  a  cortical  plasticity  deficiency  that  is  
detectable  electrophysiologically.  
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introduction 

In  the  past  decade,  substantial  evidence  has  accumulated  
that demonstrates  a considerable  degree  of plasticity  of  the  
primary  motor  cortex  (MI;  see  the  recent  review  by  Sanes  
and  Donoghue  2000).  Some  plastic  changes  develop  very  
rapidly.  As  an example,  minutes  after unilateral  transection  
of  the  facial  motoric  nerve  (N7x),  the  cortical  responses  
evoked by trigeminal  stimulation  ipsilateral  to the  denerva-
tion  are  facilitated  (both  gross  potentials  and  unit  activity)  
in  the  Mis  in  both  hemispheres  (Toldi  et  al.  1999).  Since  
these  changes  are  not  observed  in  control  animals,  but  de-
velop after facial nerve  injury, and  can be  mimicked  by  pi-
crotoxin,  they  are  considered  to be  based  on  the  disinhibi-
tion  of  pre-existing  associative  and  commissural  connec-
tions (Toldi  et al.  1999; Farkas et al.  2000).  

An  increasing  number  of  results  suggest,  however,  
that  the  transiently  reduced  inhibition  (e.g.  after  nerve  
injury)  is  a  necessary,  but  not  sufficient condition  for  the  
development  of MI  plasticity.  The  potential  for  plasticity  
in  the  MI  has  been  closely  linked  to  the  function  of  
jV-methyl-D-aspartate  (NMDA)  receptors  (Qiu  et  al.  
1990).  Moreover,  it  has  been  shown  that  a component  of  
field  potentials  itself  evoked  in  the  horizontal  pathways  
of  the  rat  motor  cortex  is  mediated  by NMDA  receptors,  
and  long-term  potentiation  (LTP)  can  develop  in  these  
horizontal  connections  (Hess  and  Donoghue  1994;  Hess  
et al.  1994).  

We recently  reported  that  the MI  responses  evoked  by  
contralateral  trigeminal  stimulation  are  conveyed  mostly  
by  horizontal  associations  from  the  primary  somatosen-
sory  cortex  (Farkas  et  al.  1999).  

It  therefore  seems  probable  that  the NMDA  receptors  
play  a  decisive  role  in  the  responses  in  MI  evoked  
by  contralateral  trigeminal  stimulation,  and  especially  in  
their  potentiation.  

NMDA  receptors  are  additionally  involved  in  higher  
brain  functions:  learning  and  memory.  Their  role  in  the  
acquisition  of  spatial  memory  tasks  has  also  been  exten-
sively  studied.  It has  been  shown  that  neonatal  treatment  
with  MK-801  (a non-competitive  NMDA  receptor  antag-

mailto:toldi@bio.u-szeged.hu
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onist)  results  in  the  impa i rmen t  o f  spatial  learning  in  the  
adul t  rat  (Gorter  and  de  Bru in  1992).  

T h e  a im  of  this  s tudy  w a s  to  test  the  hypothes is  that  
even  a  min ima l  conf l ic t  wi th  N M D A  receptors  in  the  
early  critical  age  of  life,  w h i c h  resul ts  in  mild  if  any  de-
tectable  change  in  dai ly  behaviour ,  induces  h idden  but  
l i fe- long  dysfunc t ions , w h i c h  can  be  detected  in  d i f ferent  
parts  of  the  C N S  wi th  appropr ia te  me thods .  Al though  
spatial  learning  is  a t t r ibuted  to  one  o f  the  h ippocampal  
funct ions ,  in  the  present  s tudy w e  intent ional ly  tested  the  
hypothes is  in  the  mo to r  cor tex ,  w h i c h  is  p robably  not  
pr imari ly  involved  in  spat ia l  learning,  but  the N M D A  re-
ceptors  p lay  a  decis ive  ro le  in  its  p rocesses .  We  p resume  
that  chronic  neonata l  M K - 8 0 1  t rea tment ,  wh ich  results  in  
only  a  mild  if  any  impa i rmen t  of  spat ia l  learning,  fur ther  
causes  a  detectable  change  ( impai rment )  in  the  func t ion  
of  another  brain  s t ructure,  e.g.  in cor t ical  plasticity.  

Materials  and  methods  
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Fig.  1  Escape  latencies  (in  seconds)  of  adult  controls  and  MK-801 -
treated  rats.  Times (means±SE)  needed  to  find  the hidden platform 
during  the  eight  sessions  in  experiment  I.  The  performance  of  the  
MK-801-treated  rats  (0.1  mg/kg,  twice  daily,  postnatal  days  7-19)  
was  slightly poorer than that of  the saline-treated  controls  

Animals 

The  experimental  procedure  used  in  this  study  followed  the  
protocol  for animal  care  approved  by  the  Hungarian  Health  Com-
mittee  (1998),  the  European  Communities  Council  Directives  
(86/609/EEC)  and  the  German  Animal  Protection  Law  (licence  
509.425.02-99  to  J.R.W.).  Sprague-Dawley  rats  gave  birth  in  our  
colony  and  the  pups  were  randomly  distributed  among  different  
mothers.  Only  male  rats  were  used  for this  study.  The  treated  ani-
mals  (10  pups)  received  subcutaneous  injections  of  0.1  mg/kg  
MK-801  (dizocilpine;  Sigma)  twice  daily,  at  0900  and  at  1700  
hours,  starting  on postnatal  day  (PND)  7 and  lasting  until  PND  19.  
The  controls  received  an  equal  volume  of  saline  vehicle  (0.9%  
NaCl  in  sterile  distilled  water).  The  MK-801  treatment  resulted  in  
a  body  growth  reduction,  which  more  or  less  compensated  after  
the  treatment  was  stopped.  The  animals  were  weaned  on  PND  22  
and  were  housed  in  large  cages  (four  to  six  rats  per  cage).  For  the  
present  study,  22  rats  were  used  (MK-801-treated:  «=10,  controls:  
«=12).  The animals  were  kept  under  12-h  light  and  12-h dark  con-
ditions,  with  lights  on  at  0700  hours.  The  room  temperature  was  
22±1°C.  The  rats  were  used  for  the  water  maze  study  between  
PNDs  90 and  102,  and  the electrophysiological  study  followed be-
tween  PNDs  105 and  135.  

tion  of  the  platform  was  available  to  the  rat  exclusively  from  
extra-maze  cues.  Within  a session,  the rats  started  each  swim from 
different entry  points.  Each  animal  was placed  into the pool  facing  
the  wall  at  one  of  the  four  entry  points  and  was  allowed  a  period  
of 60  s to escape to the platform. The escape  latencies  of each  trial  
were  measured. The  animals  were  left on  the platform for 20  s and 
then  put  into  an  empty  cage  for 30  s.  If  an  animal  failed to  escape  
onto  the platform within  60 s,  it was placed  there  for 20 s,  and  was  
awarded  a latency  of  60  s  for  that  trial.  Means  of  latency  of  trials  
were calculated  in each  session  (Fig.  I).  

Experiment  II  (PNDs  101-102)  

Following  a  3-day  interval,  cue  training  was  carried  out  on  PNDs  
101-102.  This  experiment  was  designed  to  allow  an  evaluation  of  
the  sensory  and  motoric  capabilities.  For  non-spatial  learning,  a  
visible  black  platform  (situated  1.5  cm  above  the  surface  of  the  
water) was used  as  a visual  cue.  In each  trial,  the  platform was  po-
sitioned  in  any  of  the  four  possible  quadrants  in  a  random  se-
quence.  The  rats  were  placed  in  the  water,  facing the  wall,  always  
at the  same entry  point.  

Water  maze  

The  rats  were  trained  in  a  large  circular  swimming  pool  (165  cm  
in diameter,  0.7  m high)  filled  with  water  to  a depth  of  35 cm.  The  
water  was  at  room  temperature  and  was  made  opaque  by  the  addi-
tion  of  3  1  of  milk.  The  pool  was  situated  in  a  small  rectangular  
room.  The  walls  were  equipped  with  a  variety  of  spatial  cues  
(a  picture  or  a  lamp  giving  diffused  light),  which  remained  un-
changed  during  the  experiment.  A  video  camera  was  mounted  
above  the  centre  of  the pool.  Animal  movements  were  monitored,  
timed,  and  recorded  on  videotape.  The  pool  was  divided  into  four  
quadrants  and  a  removable  platform  (8  cm  in  diameter)  was  hid-
den  at  any  of  four  positions  in  the  pool  exactly  25  cm  from  the  
sidewalk  The  platform  was  1.5  cm  below  the  water  surface  and  
not  visible  to the swimming  rat.  

Experiment  I  (PNDs  90-97)  

All  animals  were  trained  in  five  trials  in  each  daily  session.  The  
intertriai  interval  was  30  s. For  each  rat,  the platform  location  was  
fixed  in  a particular  quadrant.  The  information  about  the  localiza-

Statistics 

The  effects  of  the  treatment  on  the  escape  latencies  in  the  water  
maze  tasks  and  on the electrophysiological  properties  of  the  motor  
cortex  were  analysed  by  using  repeated  measures  ANOVA  (SPSS  
for Windows  9.0).  For each  animal,  the escape  latencies  were  used  
in the statistical  analysis.  The differences in body weights  between  
the  MK-801-treated  animals  and  the  controls  were  compared  by  
using  Student's  /-test  (mean±SD).  A  P  level  of <0.05  was  used  as  
a measure  of significance in all  statistical  tests.  

Electrophysiology 

Surgical  procedure  

After  the  behavioural  experiments,  eight  of  the  12  controls  and  
seven  of  the  ten  MK-801-treated  animals  participated  in  electro-
physiological  studies.  During  these  experiments,  the  rats  were  an-
aesthetized  with  a  mixture  of  Ketavet  (10.0  mg/100  g)  and  Rom-
pun  (xylazine,  0.8  mg/100  g).  On  both  sides,  the  Ml  was  exposed  
by  craniotomy  from about  2  mm  posterior  to  5  mm  anterior  from  
the bregma,  and  from 0.5  to  5 mm  lateral  from the midline.  In  the  
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course  of  the  operation,  we  also  exposed  the  right  side  facial  
nerve,  including  its  postauricular  branch.  This  was  transected  la-
ter,  during  the  electrophysiological  recordings.  After  surgery,  the  
animals  were  kept  at  rest  for  1 h  until  the beginning  of the  record-
ing sessions.  The core temperature was maintained  at  37±0.2°C.  

Stimulation  and  recording  

Electrical  stimulation  of  the  vibrissa  pad  or  electromechanical  vi-
brissa  stimulation  was  employed  to  induce  evoked  potentials  
(EPs)  in  the  Mis  in  both  hemispheres.  The  details  of  stimulation  
and cortical  recordings  have been published  elsewhere  (Toldi  et  al.  
1999;  Farkas  et al. 2000).  In brief, the  right  whisker  pad  was  stim-
ulated  electrically  with  bipolar needle electrodes  (1 Hz,  0.3 ms  du-
ration,  150-200  pA)  to  evoke  visible  whisker  movements.  To  in-
vestigate  paired  pulse  inhibition  effects  on  the  amplitudes  of  EPs,  
a  paired-pulse  stimulation  protocol  was  used  (application  of  two  
electrical  pulses with  a  200 ms  interstimulus  interval).  The ratio  of  
the  amplitudes  of  the  EPs  elicited  by  the  second  versus  the  
first  stimulus  was  calculated  and  defined  as  the  Q-value  (e.g.  
Q=EP2/EP1).  Q<1  means  that  the  second  response  was  inhibited  
by  the  first  one.  For  mechanical  stimulation,  whiskers  were  de-
flected  by  using  a  multiangle  electromechanical  stimulator.  The  
stimulus  waveform  was  ramp-and-hold  trapezoids  that  produced  
1.2 mm  vibrissal  displacements  of  500  ms duration.  The  slope  was  
20  ms. The  EPs  in  the  punctum  maximum  of  the  MI  contralateral  
to  the  stimulation  (MIC)  and  from its  homotopic  point  in the  other  
hemisphere  (MI,,  usually  2  mm  lateral  and  rostral  from  the  breg-
ma)  were  fed into  a differential amplifier  (Tektronix  AM  502)  and  
visualized  on  a Tektronix  storage  oscilloscope.  Amplified  respons-
es  were  fed  into  a  computer  via  an  interface  (Digidata  1200,  
pClamp  6.0.4.  software,  Axon  Instruments)  and  stored  for  further  
processing.  Averaged  potentials  were  produced  from  registrations,  
each  containing  60  trials.  

Results 

Animals 

Although  it  was  not  the  purpose  of  this  experiment  to  
make  a  detailed  behavioural  study  on  the  effects of  early  
treatment  with  MK-801,  from  the  appearance  of  the  
adult  animals  it  was  obvious  that  the  neonatal  MK-801  
treatment  resulted  in  long-term  effects. The  body  weight  
of  the  drug-treated  animals  on  PND  90  was  somewhat,  
but  not  significantly  decreased:  MK-801-treated  group:  
293.5+15.6  g,  control  group:  301.2+9.7  g  (unpaired  two-
tailed  /-test,  P=0.1718;  t=\A).  The  behaviour  of  the  
MK-801-treated  rats,  however,  was  obviously  different  
from  that  of  the  controls:  they  walked  back  and  forth  in  
the  cage  almost  continuously  with  poor postural  support.  

Water maze  performance  

Experiment  I  

Even  from  the  beginning,  the  performance  during  the  
eight  training  sessions  revealed  that  the  MK-801-treated  
animals  needed  somewhat  more  time  to  reach  the  plat-
form.  This  tendency  remained  more  or  less  unchanged  
during  the  eight  sessions,  though  the  difference  in  per-
formance  of  the  two  groups  was  not  significant  in  any  

W t m  Controls  (n=8)  
I  I MK-801-treated  (n=9)  

PND  101  PND  102  

Fig.  2  Escape  latencies  for the  two  sessions  of the  visual  cue  task  
in  experiment  II.  The  MK-801-treated  rats  and  the  controls  per-
formed equally  well  in this  task  

one  of  the  sessions  (Fig.  1).  The  Repeated  Measures  
ANOVA  showed  no  significant  difference  between  the  
groups  (saline  versus  MK-801  treatment):  F(l,20)=  
0.9740;  P=0.336,  but  the  time  as  a  within-subject  factor  
was  significant:  F(7,140)=52.811,  R<0.001.  We  did  not  
find  a groupxtime  interaction:  F(7,140)=0.611,  R=0.746.  
It  was  interesting  to  observe  that,  in  the  first  trial  in  the  
first  session,  the  two  groups  needed  approximately  the  
same  time  to reach  the platform.  Later,  the difference be-
tween  the performances became  larger,  but  did  not  attain  
the  level  of significance. 

The  swimming  strategies  of  the  treated  and  control  
animals  were  not  the  same:  the  treated  rats  spent  more  
time  swimming  round  the  pool,  by  the  wall.  The  differ-
ence  in  performance,  however,  was  not  due  to  a  differ-
ence  in  anxiety  or  swimming  speed  between  the  two  
groups.  Taken  together,  therefore,  the  MK-801-treated  
rats  were  capable  of  learning  in  the  course  of  the  ses-
sions,  but  their  performance  tended  to  be  somewhat  
poorer  than  that  of the  controls.  

Experiment  II  

To  check  the  possibility  of  modification  of  the  sensory  
and  motor  capabilities  by  MK-801  treatment,  a  visual  
cue  task  was  given  to  the  animals  in  both  groups  on  
PNDs  101  and  102.  The  visual  task  was  performed  
equally  well  both  by  the  control  and  the  MK-801-treated  
animals  (Fig.  2).  Though  the  two-way  ANOVA  resulted  
in  a  significant  interaction:  F(l,15)=8.52  P=0.022,  the  
minimal  difference  (1.2  s)  between  the  two  groups  on  
PND  102  has  no  meaning  from  a  biological  point  of  
view. 

On  the  basis  of  the  water  maze  analysis,  it  can  be  
stated  in  general  that  the  performances  of  the  MK-801 -
treated  animals  in  the  spatial  learning  and  memory  task  
were  slightly  (but  not  significantly)  poorer  than  that  of  
the  controls.  However,  the  visual  task  was  performed  
equally well  both  by  the  control  and  the treated  rats.  
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Fig. 3  Responses  evoked  in  the  
Mis  in both hemispheres  of a 
control  rat by  right  side  electri-
cal vibrissa pad  stimulation.  
A1 Evoked potentials  (EPs)  in  
the contralateral  primary  motor  
cortex  (MIC) recorded  before,  
and A2  3 h after a  facial  nerve 
cut.  B1 EPs  in the right  side  
primary  motor cortex  ipsilateral  
to the stimulation  (Mi,)  before,  
and  B2  3 h after vibrissa  pad  
stimulation.  Ordinates  are  in  
mV/div.  Five (of 60)  successive  
potentials were averaged  in  
each  set.  (For more details,  see  
Toldi  et  al.  1999)  
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Electrophysiology 

The  behavioural  experiments  were  followed  by  electro-
physiological  recordings.  In  addition  to  the  barrel  field  
of  the  contralateral  primary  somatosensory  cortex  (SIC),  
responses  to  trigeminal  stimulation  were  also  observed  
in  the  MIC.  In  anaesthetized  adult  rats,  both  mechanical  
stimulation  of  the  vibrissae  and  electrical  stimulation  of  
the  whisker  pad  activate  trigeminal  afferents,  which  in  
turn  produce  complex  response  patterns  in  a  subpopula-
tion  of  neurons  in  the  MIC  (Farkas  et  al.  1999).  It  has  
been  shown  that  a  facial  nerve  cut  induces  disinhibition  
in  an extended  area  of  the Ml  (Farkas  et  al. 2000),  result-
ing  in  the  facilitation  of  evoked  responses  (Toldi  et  al.  
1999). 

In  the control  rats,  as  described  above,  somatosensory  
EPs  in  the  contralateral  MIC  were  rapidly  modified  by  
facial nerve  transection.  After  1 h,  the  amplitude  of  these  
potentials  was  significantly  enhanced  and  the  latencies  
of  all  the  components  had  shortened.  Responses  with  en-
hanced  amplitudes  could  be  observed  throughout  the  
3-  to  4-h  recording  session  (Fig.  3A).  The  same was  true  
for  the  MI[  (ipsilateral  to  the  stimulation):  in  the  control  
rats,  stimulation  of  the  trigeminal  nerve  or  parts  of  it  
evoked  potentials  in  the  SIC  and  MIC,  but  very  small  if  
any  potentials  in  the  M^  (Fig.  3B1).  However,  a  few  
minutes  after  the  facial  nerve  injury,  EPs  could  also  be  

elicited  with  enhanced  amplitude  in  the  MI,.  Their  am-
plitude  increased  considerably  within  1  h  and  remained  
high  until  the  end  of  the  experiments  (3-4  h  after  dener-
vation,  Fig.  3B2).  After  the  facial  nerve  transection,  the  
EPs  in  the Mis  were  facilitated  to  different degrees  in  all  
of  the control  animals.  

This  was  not  the case  in  the  rats  treated  with  MK-801  
as young  animals.  In  all  of  these  rats,  trigeminal  stimula-
tion  evoked  potentials  with  high  amplitude  in  the  MIC,  
and  with  small  amplitude  if  any  in  the  MIj  (Fig.  4A1,  
Bl) .  This  was  similar  to  what  was  observed  in  the  con-
trol  rats.  The  facial  nerve  transection,  however,  did  not  
facilitate  the  evoked  responses  in  the  MI  in  either  hemi-
sphere.  In  the  majority  of  cases  (60%),  there  was  no  
change  in amplitude  or  latency  of  the  EPs following  a fa-
cial nerve  cut  (Fig. 4A2,  B2).  In fact,  in 40% of the  cases  
studied,  the  amplitudes  of  the  EPs  decreased  or  vanished  
from both Mis.  The  Q-values  were  calculated  in both  the  
controls  and  the MK-801-treated  animals.  In  all  the  con-
trols,  the  studies  with  a  paired-pulse  paradigm  revealed  
disinhibition  (Q-values  >1),  which  lasted  in  some  cases  
for  a  short  time  (Fig.  5A),  but  in  most  cases  for  longer  
periods  (see  Table  1 and  Farkas  et  al.  2000)  following  a  
facial nerve  cut.  However,  there  was  hardly  any  increase  
in  Q-values  after  the  facial  nerve  cut  in  the  MK-801 -
treated  animals  (Fig.  5B  and  Table  1).  As  the  data  in  
Table  1 show,  in  the  controls,  the N7x  induces  a  consid-



Fig.  4  Responses  evoked  in  the  
Mis  in both hemispheres  in  an  
MK-801-treated  rat by  electri-
cal  vibrissa  pad  stimulation  on  
the right side. A l  Evoked  po-
tentials  (EPs)  in the  contralat-
eral  primary  motor  cortex  
(MIC) before, and  A2  3 h after 
a facial nerve  cut.  B1 EPs  in  
the primary  motor  cortex  ipsi-
lateral  to the stimulation  (MI)  
before,  and  B2 3 h after the  fa-
cial  nerve  cut. The EPs  were  
not  changed  after the facial  
nerve transection.  Ordinates  
are  in mV/div.  Five (of  60)  
successive potentials  were  
averaged  in each  set  
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Table  1  Changes  in  Q  induced  
by  facial nerve  denervation  
(N7x). Q-values  (mean)  were  
evaluated  in 3x5 min  blocks:  
just  before N7x  (basic  level),  
5 -10  and 40-45  min  after N7x, 
respectively,  n (=5):  number  of  
60 paired  responses  

Groups Before N7x 
(basic  level)  

5-10  min  
after N7x 
(«) 

Controls 

40-45  min  
after N7x 
(«) 

Q  change  (in%)  relative  
to the basic  level  

P-value 

10 min 45  min  
Bonferroni  adjustment  
for multiple  comparisons  

1  0.45  0.94 0.83 +108 +84 
2  0.34  0.70 1.06 +105 +211 
3  0.39  0.64 0.86 +64 +105 
4  0.60  1.32 1.03 +120 +71 
5  0.44  1.04 1.04 +136 +45 
6  0.35  0.64 0.79 +82 +125 
7  0.52  1.13 0.93 +117 +78 
8  0.56  1.00 1.08 +78 +92 

MK-801  treated  rats  
1  0.71  0.69 0.38 - 2 - 4 6 
2  0.43  0.73 0.55 +69 +27 
3  0.44  0.39 0.50 -11 +13 
4  0.49  0.83 0.72 +69 +46 
5  0.40  0.44 0.68 +10 +70 
6  0.37  0.37 0.79 - +113 
7  0.43  0.59 0.42 +37 - 2 

10 min 45  min  

<0.001 <0.001 

0.194 0.276 

e r ab l e  d i s inh ib i t i on  ( e l eva t i on  in  Q - v a l u e s )  shor t ly  a f t e r  
( 5 - 1 0  m i n )  d e n e r v a t i o n ,  th is  d i s inh ib i t i on  las t ing  f o r  a  
l ong  t i m e  ( 4 0 - 4 5  min ) .  T h i s  is  no t  t he  ca se  in  the  
M K - 8 0 1 - t r e a t e d  an ima l s :  a f t e r  N 7 x ,  m o d e r a t e l y  in-
c r e a s e d  Q - v a l u e s  w e r e  o b s e r v e d  in  m o s t  a n i m a l s  (w i th  

Q < 1  in  all  cases ) ,  w h i l e  e v e n  d e c r e a s e s  in  Q - v a l u e s  
c o u l d  b e  de t ec t ed  in  s o m e  a n i m a l s .  T h e  R e p e a t e d  
M e a s u r e s  A N O V A  r e v e a l e d  a  s i g n i f i c a n t  g r o u p x t i m e  
in te rac t ion :  F ( 2 , 2 6 ) = 8 . 8 1 9 ,  P = 0 . 0 0 1 .  T h i s  is  an  ind ica -
t ion  that  the  Q - v a l u e s  in  t he  c o n t r o l s  a re  c h a n g e d  s ign i f t -
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Fig. 5A,  B  Q-values  calculated  from the  paired-pulse  paradigm  in  
the contralateral  MI  of  a control  and  of  an  MK-801 -treated  animal,  
displayed  as  a  function  of  time.  A  In  the  control  animal,  facial  
nerve  transection  produced  a short ( - 4  min)  and,  with  some  delay,  
a  longer-lasting  ( -35-40  min)  elevation  of  Q.  B  In  the  MK-801 -
treated  animal,  transection  of  the  facial  nerve  did  not  cause  corti-
cal  disinhibition,  e.g.  the Q-values  remained  <1  

cantly  after  N7x,  but  not  those  in  the  MK-801-treated  
animals. 

Minimal  differences  in  the  latencies  of  the  EPs  were  
observed  in  the  controls  and  in  the  treated  animals.  The  
treated  animals  had  EPs  with  somewhat  longer  latencies  
(Fig.  6).  In the control  animals,  the mean  latencies  of  the  
EPs recorded  from the MIC  before and  3 h after the facial 
nerve  cut  were  15.36±3.142  ms  and  15.382±2.774  ms,  
while  in  the MI,  they were  19.533±4.669  ms and  18.210±  
3.664  ms.  In  the  treated  animals,  the  mean  latencies  of  
the  EPs  recorded  from  the  MIC  before  and  3  h  after  the  
facial  nerve  cut  were  15.770±4.845  ms  and  16.949±  
3.658  ms,  while  in  the  MI,  they  were  22.708±7.384  ms  
and  20.816±4.714  ms.  For  further  analysis  of  the  ampli-
tudes  and  latencies  of  EPs  recorded  in  the  contralateral  
motor  cortices  of  five  controls  and  five  MK-801-treated  
animals  before  and  3  h  after  N7x,  a  repeated  measures  
ANOVA  was  carried  out.  A  significant  interaction  was  

ML3h  ~  Ml.  c  Groups  

Fig. 6  Mean  latencies  of  the  evoked  potentials  (EPs)  (first  posi-
tive  peak)  in  the  different  animal  groups.  The  mean  latencies  of  
the  treated  animals  were  somewhat  longer  than  those  for  the  con-
trols,  though  these  differences  were  not  significant  (independent  
/-test,  P>0.05).  Bars  represent  means±SD.  MIC  and  MI,  mean  la-
tencies  of  EPs  in  the  primary  motor  cortex  contralateral  and  ipsi-
lateral,  respectively,  to  the  stimulation  and  nerve  injury.  MI¿3  h  
and  MI,3  h  mean  the  latencies  of the evoked  responses  3  h after fa-
cial  nerve  transection  

found  for  the  amplitudes:  F(l,8)=5.701,  P=0.044,  but  
not  for the  latencies.  

Discussion 

The effects of chronic  neonatal  MK-801  treatment  on  the  
spatial  and  non-spatial  learning  of  adult  rats  have  been  
extensively  studied  (McLamb  et  al.  1990;  Gorter  and  de  
Bruin  1992;  Mickley  et  al.  1992;  Tandon  et  al.  1996;  
Griesbach  and Amsel  1998).  Some authors have  reported  
that  a chronic  NMDA  receptor  blockade  during  the  neo-
natal  period  leads  to  long-lasting  disturbances  of  the  
hippocampal  functions,  i.e.  to  the  impairment  of  various  
learning  and  memory  tasks  (Gorter  and  de  Bruin  1992);  
in  contrast,  others  did  not  find  long-term  effects  on  be-
haviour  (e.g.  Tandon  et  al.  1996).  Apart  from differences 
in  the amount  of MK-801  applied,  there were differences 
in  the  application  methods,  testing  paradigms  and  re-
sults,  and  mainly  in  their  interpretation.  Despite  these  
differences,  most  of  the  authors  agreed  that,  because  of  
its  crucial  role  in development,  the  perinatal  blockade  of  
NMDA  receptors  might  have  behavioural  consequences  
when  tests  are made  at  a more advanced  age.  

This  view  is  particularly  supported  by  those  observa-
tions  which  reveal  that NMDA  antagonists  may  increase  
neurodestruction  in  mature  brain  undergoing  slowly  
progressing  neurodegeneration  (Takadera  et  al.  1999;  
Ikonomidou  et  al.  2000;  Pohl  et  al.  1999).  The  neuro-
toxic  effect of MK-801  is  even  more  serious  in  the  peri-
natal  age:  the  blockade  of  NMDA  receptors  for  only  a  
few hours  during  late  fetal  or  early  neonatal  life  triggers  
widespread  apoptotic  neurodegeneration  in  the  develop-
ing rat brain (Ikonomidou  et al.  1999).  
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We  did not set  out  to perform another detailed  behav-
ioural  study.  Rather, we  wanted  to  find  a way  to  cause  a  
minimal  impairment  in  behaviour,  which  was  based  on  
learning  and  memory  functions  without  interfering  with  
physical  capabilities,  and to  test  whether  this  influences  
experimentally  induced  cortical  plasticity  that  is  detect-
able by electrophysiological  methods.  

First  of  all, we  had to  find  a  dose  of  MK-801  that  re-
sulted  in  a  slight  impairment  of  the  performance  in  the  
water  maze  task.  We  started  the  treatment  with  relatively  
high doses of MK-801  (0.5  or  1 mg/kg),  but this led to im-
paired food consumption,  a high loss  in body weight,  aki-
nesia,  and  a high level  of mortality  among  the young  ani-
mals  (only  67%  and  51% of  the  treated  animals  survived  
PND  15, respectively).  These  results are not detailed  here.  
Finally, we  turned to the treatment of newborn  rats with  a  
dose of 0.1 mg/kg MK-801,  which  resulted  in a very slight  
impairment of the performance  in the water maze  task and 
produced  hyperactivity,  but  did  not  impair  the  perfor-
mance of the visual cue response of the adult  animals.  

In  experiment  I,  the  performance  in  the  water  maze  
was  quite  similar  to  that  observed  by  Gorter  and  
de Bruin (1992),  though  those  authors  used  higher  doses  
of  MK-801,  which  resulted  in  greater  differences  be-
tween  the  performances  of  the  treated  and  control  
groups,  whereas  we  aimed  for  the  slightest  impairment  
in performance which could still be  detected.  

As  a  result of  the  neonatal  treatment  with  a low  dose  
of MK-801,  the spatial  learning of the adults was  slightly  
reduced,  but the difference was not significant. 

The visual  task  (experiment  H) was  performed  equal-
ly well  by  the controls  and the  treated rats.  This  suggests  
that the  sensory  and motor  capabilities  were  not  affected  
by  the  treatment.  A  deficit was  found  only  in  the  spatial  
task performance of  the  adults.  Similar  conclusions  were  
drawn by Gorter and de Bruin  (1992).  

Recent  studies  support  the  hypothesis  that  MK-801  
mainly  influences  learning  and  memory  in  a NMDA  re-
ceptor-dependent  manner  (Bordi  et  al.  1996;  Ahlander  et  
al.  1999; Norris  and Foster  1999).  

It  has  been  suggested  that  MK-801  applied  during  a  
period in which the NMDA  receptors  are involved  in  de-
velopmental  changes  has  effects  such  as  a  learning  im-
pairment which may be related with  structural  alterations  
in neuronal development  (Griesbach  and Amsel  1998).  If  
this holds  true,  it is  unlikely  that  such effects  are  limited  
to  the hippocampus. N M D A  receptors  play  an  important  
role  in  synaptic  plasticity  in  various  cortical  areas,  e.g.  
the motor cortex (Aroniadou  and Keller  1993).  

It  has  been  shown  that  a  component  of  the  field  po-
tentials  evoked  in  the  MI of  rat,  and  its  potentiation,  are  
mediated  by  NMDA  receptors  (Hess  and  Donoghue  
1994; Hess  et  al.  1994).  For  this reason,  our  electrophys-
iological  studies  were  performed  in  the  motor  cortex  
rather than the  hippocampus.  

Simple recordings of EPs  in the MI cortices  did not re-
veal  significant  differences  between  the  controls  and  the  
MK-801-treated  animals.  Therefore,  we  tested  a  more  
complex phenomenon.  The plasticity of evoked  responses  

induced by facial nerve  injury  can be tested by  the paired 
pulse  paradigm.  Although  there  is  no  evidence  that  
NMDA  receptors  are  involved  in  the  recently  described  
potentiation  of  somatosensory  evoked  responses  in  the  
MI after unilateral  transection of the facial nerve  (Toldi  et  
al.  1999;  Farkas  et  al.  2000),  it  was  interesting  to  test  
whether  perinatal  treatment with MK-801  interferes  with  
spatial  learning  and the potentiation of  cortical  responses  
in adult rats. In the control  animals,  the responses  evoked  
in  the  Mis  of  both  hemispheres  by  continuous  1 Hz  tri-
geminal  stimulation  were  facilitated  after  facial  nerve  
transection.  This was not the case with the  MK-801-treat-
ed animals.  In a majority of the cases  studied,  the  evoked  
responses  did not change, while  in 40% of the cases,  con-
tinuous  stimulation reduced  the evoked  responses  record-
able after facial nerve  transection.  

Under  these  conditions,  an  in  vitro  study  proved  the  
occurrence of long-term potentiation  in intrinsic  horizon-
tal  pathways  in  the  MI  (Hess  and Donoghue  1994).  Our  
experimental paradigm was  different. The potentiation  of  
evoked  responses  was  observed  in vivo  in  anaesthetized  
animals; we  used  1 Hz  continuous  peripheral  stimulation  
instead of  theta-burst  stimulation.  In both  cases,  howev-
er,  the  potentiation  indicated  a  transient  reduction  of  in-
hibition.  This  was  achieved  by  Hess  and  Donoghue  
(1994)  by  application  of  the  GABA-A  receptor  antago-
nist bicuculline,  while  in our case  (Farkas et al. 2000)  fa-
cial  nerve transection  decreased  the  inhibition,  as  report-
ed by Garraghty et  al.  (1991).  

This  suggests  that inhibition may  act  as  a gate  to  per-
mit  modification  in  the  efficacy  of  horizontal  excitatory  
connections.  However,  both  the  literature  and  our  own  
results  suggest  that  the  reduced  inhibition  is  not  a suffi-
cient  condition  for  the  development  of MI plasticity.  Al-
though there is no  direct evidence  that potentiation of  the  
evoked  responses  in  the  MI  requires  the  participation  of  
NMDA  receptors,  it has been suggested  (Qiu  et al.  1990;  
Hess  et  al.  1994)  that  these  receptors  can  probably  be  
modified by neonatal MK-801  treatment.  

Whatever the mechanism, we have presented an exam-
ple  that a slight impairment in learning and memory func-
tion  may  be  accompanied  by  a  hidden  defect  in  cortical  
function, which can be disclosed with appropriate  electro-
physiological  methods, e.g.  paired pulse  stimulation.  
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In  acute  experiments,  the  effects  of  iontophoretically  applied  
17P-estradiol  hemisuccinate  on  the  activity  of  the  primary  
somatosensory  cortical  neurons  were  studied  in  ovariecto-
mized  rats  by  extracellular  single-unit  recording.  17[3-Estradiol  
increased  both  the  spontaneous  and  the  vibrissa  deflection-

evoked  responses,  with  an  average  latency  of  24 min.  It  Is  
suggested  that  this  relatively  long  latency  of  the  17ß-estradiol  
effect  is  based  not  so  much  on  membrane  mechanisms  as  on  
genomic  mechanisms.  NeuroReport  12:2509-2512  ©  2001  
Lippincott  Williams  &  Wilkins.  

Key  w o r d s :  Barrel  cortex:  Estradiol;  Iontophoresis;  Neuronal  plasticity;  Somatosensory  system;  Steroids  

INTRODUCTION 
Although  the  classic  function  of  estrogen  is  to  act  at  the  
evel  of  the hypothalamo-pituitary-gonadal  axis and  uterus  
:o promote  a  full  reproductive  function,  for  many  years  it  
las  been  known  that  steroids  also  play  an  important  role  
n  plastic  changes  in  the  CNS.  Most  of  these  observations  
were  made  on  the  hypothalamus  [1-3].  There  have  also  
ueen  reports  on  the  neuroplastic  effects  of  estradiol  in  the  
rippocampus  and  in  other  structures  of  the  CNS  [4,5].  
aimerly  et  al.  [6]  found  estrogen  receptor  (ER)  mRNA-
:ontaining  cells  in  the  different structures  of  the  rat  brain,  
ncluding  the  somatosensory  (barrel)  cortex,  and  especially  
n  layer  IV.  

Using  in  situ  hybridization  histochemistry,  Shughrue  et  
Ü.  [7]  recently  demonstrated  that  the  cerebral  cortex  
:ontains  both  kinds  of  ER  mRNAs,  but  that  hybridization  
;ignal  for  ER  a  mRNA  is  very  weak  compared  with  that  
or  ER  P  mRNA.  They  found  ER  P  mRNA-containing  
>erikarya  in laminae  IV-VI  of  the cortex  [7].  

Despite  the  strict  topographic  organization  of  the  poster-
omedial  barrel  subfield  (PMBSF)  in  the  primary  somato-
ensory  cortex  [8,9]  it  has  a  significant  capacity  to  undergo  
unctional  changes,  even  in  adulthood  [10-12].  If  the  ERs  
ire  present,  and  it  is  presumed  that  they  have  a functional 
ole,  possibly  involving  neuronal  plasticity,  the  pertinent  
[uestion  to  be  asked  at  this  stage  is  whether  estrogen  can  
Iter  the  neuronal  physiology  in  the  local  circuit  of  the  
xtrahypothalamic  CNS.  The  neurons  in  the  PMBSF  which  
espond  with  short  latency  to  contralateral  vibrissa  stimu-
ation,  were  chosen  as  test  site  because  they  are  well  
harncterized  both  anatomically  and  electrophysiologically  

[13,14],  and  contain  ERs  [7].  This  is  a  good  model  system  
with  which  to  test  the  effects  of  17p-estradiol  on  both  
spontaneous  and  evoked  cortical  neuronal  activity.  In  
particular,  the  conceptual  idea  tested  here  was  whether  
estrogen  can  modulate  the  responsiveness  of  the  barrel  
cortex  neurons  to  peripheral  stimulation  and,  in  the  event  
of  a  positive  answer,  whether  this  effect  involves  genomic  
or membrane  mechanisms.  

MATERIALS A N D  METHODS  
Surgical  procedures:  The experimental  procedures  used  in  
this  study  followed  the  protocol  for  animal  care  approved  
by  both  the  Hungarian  Health  Committee  (1998)  and  the  
European  Communities  Council  Directives  (86/609/EEC).  
Three-month-old  ovariectomized  Sprague-Dawley  rats  (23  
animals,  2-5  weeks  after  ovariectomy)  were  anesthetized  
with  a  mixture  of  Ketavet  (lOmg/lOOg)  and  Rompun  
(xylazine,  0.8mg/100g).  The  animals  were  secured  in  a  
stereotaxic  headholder  (David  Kopf)  that  provided  access  
to  the  primary  somatosensory  cortex.  Craniotomy  was  
performed  on  the  left  hemisphere  over  the  PMBSF.  The  
dura  mater  was  removed  and  the  core  temperature  was  
maintained  at  37.0-37.5°C  with  an  automatic  heating  
system.  After surgery,  the animals  were  kept  at  rest for  1 h. 

Electrophysiologic.  Right  side  individual  whiskers  were  
deflected  by  using  a  multiangle  electromechanical  stimula-
tor  [15].  Before vibrissal  stimulation,  all  of  the  vibrissae  on  
the  right  side  were  cut  to  a  length  of  15 mm.  The  arm  of  
the  stimulator  was  attached  to  a  vibrissa  10 mm  from  the  
base  of  the  hair.  The  stimulus  wave  forms were  ramp-and-
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hold  trapezoids  that  produced  1.2 mm  vibrissal  displace-
ments  of  480 ms duration.  The  slope  was  20 ms.  Compound  
recording/iontophoresis  microelectrodes  were  constructed  
from  a  seven-barreled  array  of  thin-wall  borosilicate  glass  
capillary  tubing  (1.5 mm  o.d.,  1.12 mm  i.d.;  WPI,  Sarasota,  
FL).  The  center  barrel  contained  a  7 pm  carbon  fiber,  
creating  a  low  impedance  (0.4-0.8 MQ  at  1 kHz)  recording  
electrode.  Drugs  were  ejected  iontophoretically  from  the  
surrounding  six  barrels  of  the  combined  microelectrode  
containing  one  of  the  following  freshly  made  solutions:  
100 mM  sodium  L-glutamate  (GLUT,  Sigma)  in  100 mM 
NaCl  (pH  8.0),  100 mM  GABA  (Sigma)  in  100 mM  NaCl  
(pH  4.0),  and  100 mM  17p-estradiol  hemisuccinate  (E2,  
Sigma)  in  100  mMNaCl  (pH  7.2).  GLUT  was  ejected  at  
-50nA,  30s,  E2  at  -100nA,  60s,  and  GABA  at  +50nA,  
30 s. Retaining  currents  in  the  opposite  direction  were  used  
in  the  interval 3-10 nA. Microiontophoresis  was  performed  
with  a  three-channel  constant  current  generator  developed  
in-house. 

The  electrodes  were  advanced  In  3-5 pm  steps,  by  
means  of  a  Narishige  (MO-8)  hydraulic  micromanipulator.  
Extracellular  action  potentials  from  the  barrel  cortex  neu-
rons  were  amplified  and  filtered  (30 Hz  to  8 kHz)  with  an  
ExAmp-20KB  amplifier  (Kation  Scientific,  Minneapolis,  
MN).  Neuronal  activity  was  displayed  on  a  Tektronix  
storage  oscilloscope  (5103N).  At  the  correct  recording  site  
and  depth,  each  vibrissa  bend  evoked  vigorous  on-off  
activities  with  1  or  2  spikes  as  on  and  off  responses,  
respectively.  Amplified  unit  responses  were  fed  into  a  
computer  via  an  interface  (Digidata  1200,  pClamp  6.0.4.  
software, Axon  Instruments)  and  stored  for further  proces-
sing.  Peristimulus  rime  histograms  (PSTHs,  bin  width:  
2 ms)  were  produced  from  registrations  each  containing  50  
trials.  The  rate  of  neuronal  activity  (in  number  of  spikes  
per  second,  mean  values  and  s.d.)  was  evaluated  twice  in  
each  minute,  both  before  and  after  17|3-estradiol  applica-
tion.  The  unpaired  two-tailed  f-test  was  used  to  set  the  
probability  level  at  >95%  for  the  difference  between  the  
activities  of  20 s samples  taken  twice  in each  minute.  

RESULTS 
Unit  responses  evoked  at  a  depth  of  800-1200 pm  in  the  
barrel  cortex  by  vibrissal  deflections  were  similar  to  those  
already  described:  the  cells  within  a barrel  responded  best  
to  one  vibrissa,  the  principal  vibrissa  (Fig.  1),  but  could  
commonly  be  driven  less  effectively  and  with  a  longer  
latency  by  some  surrounding  vibrissae  [12,14],  First  of  all,  
the  effectiveness  of  the  iontophoresis  was  controlled  by  
GABA  and  GLUT  application  to  those  neurons  which  
seemed  to  be  recordable  reliably  and  for  long  enough.  In  
the  course  of  the  experiments,  we  tested  the  activity  of  
>  70 neurons,  but  analyzed  only  those  data  when  the  unit  
activity  could  be  followed  for  & 45-50 min.  The  in  situ  
study  of  the  electrophysiological  activity  of  barrel  cortex  
neurons  combined  with  drug  application  by  iontophoresis  
can be  a difficult task, especially  when  a substance  (such  as  
estradiol)  is  applied  which  influences  the  neuronal  activity  
with  a  long  delay.  We  had  to  hold  the  cells  for  ==45-
50min.  This  is  the  reason  why  we  fully  analyzed  only  14  
neurons,  though  we started  the analysis  of  >  70 neurons. 

Effects  of  GABA  and  GLUT:  Iontophoret ic  appl icat ion  of  
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Fig.  I.  O n - o f f  responses  of  a  neuron  in  the  barrel  cor tex,  evoked  by  
contralateral  vibrissa  deflection.  Extracellular-unit  recordings  were  made  
w i th  a  seven-barreled  carbon  fiber  microelectrode.  The  trapezoid  shows  
the  deflection  of  the  vibrissa  f rom  the  resting  posit ion  in  a  caudal  
direct ion.  Calibration:  lOOpV,  100 ms. 

GABA  (+50 nA,  30 s)  resulted  in  immediate  decreases  in  
both  spontaneous  discharges  (to  6-10%)  and  evoked  unit  
activity  (Fig.  2a,b).  In  contrast,  the  application  of  GLUT  
(-50 nA,  30 s)  increased  both  the  spontaneous  and  the  
evoked  neuronal  discharges  (Fig.  2c,d).  The  spontaneous  
activity  increased  by  350-400%  within  30 s  after  GLUT  
application. 

Effect  of  estradiol  on  the  activity  of  barrel  cortex  neurons:  
In all  those  cases when  unit  activities  could be  followed  for  
a  sufficient  time,  the  spontaneous  activity  of  the  neurons  
increased  after  17(3-estradiol  iontophoresis  (-100nA,  60s)  
in  five  of  14 neurons.  By 25-35 min  after  iontophoresis,  in  
four  of  five  responding  cells,  the  estradiol-evoked  excita-
tion  was  increased  by  208-360%  over  the  control  level.  
(One  responding  cell  had  an  extremely  long  latency:  
38 min,  see  later).  Similarly, both  on  and  off components  of  
the  responses  evoked  by  vibrissa  deflection were  facilitated  
(Fig.  3a,b).  As  an  example,  the  data  observed  on  one  of  the  
five  neurons  10 min  before  "and  30 min  after  estradiol  
application  are  given  in  Table  1.  The  spontaneous  activity  
increased  by  214%,  and  the  evoked  on  and  off  responses  
by  262%  and  274%,  respectively.  All  changes  were  highly  f  
significant.  Similar  results  were  observed  for  each  of  five  
neurons  which .responded  to  17p-estradiol.  It  was  impor-
tant  to determine  the  delay  of  the  response  to  estradiol.  As  
detailed  above,  the  firing  rates  (calculated  as  number  of  
spikes/s)  were  determined  twice  in  each  min.  The  first  
non-transient  significant change  in  firing rate  was  regarded  
as  the  onset  of  the  response  to  17p-estradiol.  The  delays  of  
the  five  responses  were  as  follows:  17 min,  18 min,  38 min, 
24 min  and  23 min.  On  average,  the  delay  of  the  responses  
to  17(3-estradiol  was  24 min.  As  opposed  to  the  effect  of  
GABA  or  GLUT,  the  17p-estradiol-induced  increase  in  
neuronal  activity  was  prolonged,  and  lasted  until  we  lost  
the  cell.  Unfortunately,  this  means  that  we  cannot  judge  
how  long  the  responses  lasted.  We  can  establish  only  that  
the  responses  were  elevated  for  the  time  of  recording  (for  
& 15-25 min  after  the  onset).  The  rates  of  responses  were  
not  uniformly  high;  they  peaked  and  then  attenuated  but  
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Fig.  2.  Peristimulus  time  histograms  (PSTHs)  of  evoked  activities  observed  in  the  barrel  cortex.  O n - o f f  neuronal  responses  were  evoked  by  
contralateral  vibrissal  deflection  (a)  before  and  (b)  30 s after  Iontophoretic  application  of  GABA.  (c)  O n - o f f  responses  before  and  (d)  30 s after  Na-
glutamate  iontophoresis.  
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Fig.  3.  Peristimulus  time  histograms  (PSTHs)  of  a neuron  in  the  barrel  cortex,  observed  before  (a),  and  38  min  after  iontophoretic  application  of  I7f3-
estradiol  hemisuccinate  (b).  

remained  above  the  control  level  during  the  time  of  
registration.  The  remainder  of  the  fully  tested  neurons  (9)  
did  not  respond  to  E2.  

DISCUSSION 
The  presented  results  clearly  show  that,  under  controlled  
circumstances  (previous  GABA  and  GLUT  application),  
17[3-estradiol  is able  to increase  significantly both  the  spon-

taneous  and  the  evoked  activity  of  some  of  the  neurons  in  
the barrel  cortex  within 25-35 min. 

In  the  present  decade,  several  groups  have  demon-
strated  effects of  estrogen  on  the neuronal  plasticity  in  both  
hypothalamic  and  extrahypothalamic'  structures'  [1-5].  It  
has  also been shown  that  estrogen  plays  a key  role  in  many  
other  processes  of  the  CNS,  including  neuroprotection  
[16,17], 
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T a b l e  I .  Changes  in  spontaneous  and  evoked  neuronal  activities  (num-
bers  of  spikes  per  second)  of  a  barrel  cor tex  neuron  before  and  after  
estrogen  application.  

Spontaneous 
activity 

Evoked  repenses  

O n Of f 

C o n t r o l 29.8  ± 9 . 0 *  111.2 ±  15.8**  I S 3 . 8 ±  17.6***  
30 min  after  63.8  ± 2 . 4 *  291  ± 1 4 . 0 * *  4 2 0 ±  11.5***  
estradiol 

Neuronal  activities  (mean  ±  s.d.)  were  calculated  from  the  20  blocks  of  560 ms 
activity  samples  taken  lOmin  before  and  30min  after  17|3-estradiol  iontophoresis.  
* p  =  0.0032; " p  =  0.000l,  * * * p < 0 . 0 0 0 l .  

Great  efforts  have  recently  been  made  to  elucidate  the  
mechanisms  of  the  multiple  actions  of  steroid  hormones,  
with  particular  focus  on  a  differentiation  between  its  
genomic and  non-genomic  effects [18,19]. 

The  latency  of  the  neuronal  excitation  induced  by  estro-
gen  was  found  in  this  study  to be  25-35 min.  In  cerebellar  
Purkinje  cells,  the  potentiation  of  responses  was  earlier  
observed  as  soon  as  5-10 min  post-estradiol  [20,21].  It  is  
suggested  that  the  20-25 min  latency  of  the  effect  of  17p-
estradiol  is  based  not  so  much  on  membrane  mechanisms  
as  on  genomic  mechanisms  [22],  However,  it  is  probably  
an  over-simplification  to  categorize  the  effects  of  estrogen  
into  genomic  and  non-genomic  mechanisms  merely  on  the  
basis  of  the  latency.  First,  some  genomic  effects  of  steroids  
can  be  very  rapid:  within  10-20 min  [23],  Second,  the  
ability  of  the  liganded  intracellular  E2 receptor  to  stimulate  
membrane  processes  suggests  cross-talk  between  the  geno-
mic  and  membrane  receptor  pathways  [19,24].  In  spite  of  
these  possibilities,  the  long  latency  observed  for  the  estro-
gen effect in  this study  suggests  that  it  is based  on  genomic  
mechanisms. 

Another  important  question  is  the  function  of  estrogen  
in  the barrel  cortex.  If  it  is presumed  that  estrogen  has  any  
role  in  the  somatosensory  cortex,  the  presence  of  estrogen  
receptors  must  be  proved.  This  was  done  recently  [7],  The  
next  step was  to demonstrate  the functioning  of estrogen  in  
that  cortical  area.  This  has  been  done  in  the present  study.  
We found  only  five  out  of  the fully analyzed  14 cells  (36%)  
that  responded  to  estrogen.  This  fits  well  with  the  rela-
tively  low  density  of  ERs  in  the  cortex  [7],  Apart  from  the  
latency,  the  facilitatory  effect  of  estrogen  on  cortical  neu-
rons  demonstrated  here  is  comparable  to  findings  in  the  
hippocampus  [25] and  Purkinje cells  [20,21], Unfortunately, 
at  the  moment  we  do  not  know  the  site  of  action  of  
estrogen  within  the  cortex.  It  could  well  be  that  estrogen  
does  not  act  directly  on  the  recorded  barrel  cortical  neuron  
responding  with  short  latency  to  the  principal  vibrissa  
stimulation,  but  on  a  GABAergic  interneuron,  for  instance.  
This  mechanjsm  is  known  in  the  hypothalamic  arcuate  
nucleus,  where  inhibitory  interneurons  having  ERs  re-
spond  to  estrogen  by  withdrawing  their  presynaptic  axon  
terminals,  resulting  in  decreased  GABAergic  axosomatic  
synapses  [26],  and  consequently,  in  the  increased  firing  of  

principal  arcuate  neurons  [27J. There  is another  possibility:  
neuroactive  steroids  are  potent  positive  allosteric  modula-
tors  of  GABAA  receptors  because  they  increase  the  fre-
quency  or  duration  of  openings,  or  both,  of  the  GABA-
gated  CI"  channels  [19].  If  this  takes  place  on  a  GABAergic  
interneuron,  it  could  result  in  disinhibition  of  the  recorded  
cortical  neuron.  This  is  not  probable,  however,  because  of  
the relatively  long delay  of estrogen-induced  facilitation.  

Whatever  the  mechanism,  as  far  as  we  know,  the  
observation  presented  here  is  the  first  demonstration  of  an  
estrogen-induced  change  in  excitability  of  the  neurons  in  
the  rat  cortex.  Our  ongoing  studies  are  designed  to  
elucidate  the  possible  function  of  estrogen  in  the  recovery  
processes  following  cortical  lesion  induced  by  focal  ische-
mia. 

CONCLUSION 
This  study  is  the  first  to  demonstrate  the  effect  of  17(3-
estradiol  on  neuronal  single-unit  activity  evoked  by  per-
ipheral  stimulation  in  the  barrel  cortical  area  of  the  
primary  somatosensory  cortex.  About  one-third  of  the  
tested  cortical  neurons  displayed  changes  (all  facilitated)  in  
both spontaneous  and  evoked  activity. The  late onset  of  the  
action  of  estradiol  makes  it  unlikely  that  the  changes  are  
consequences  of  direct  membrane effects. 
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IN acute  experiments,  the  effects  of  i.p.  17P-estradiol  on  
the  activity  of  arcuate  neurons  were  studied  in  ovar-
iectomized  rats.  17P-Estradiol  (100 fig/100 g,  i.p.)  in-
creased  the  spontaneous  activity  of  the  observed  
arcuate  neurons  with  a  latency  of  20-25 min.  In  some  
neurons  spontaneous  activity  could  be  influenced  by  
stimulation  of  the  olfactory  and  somatosensory  systems.  
Activation  of  the  trigeminal  system  significantly  in-
creased  the  spontaneous  activity  of  the  studied  units,  
while  stimulation  of  the  accessory  olfactory  bulb  de-
creased  it,  both  with  and  without  17P-estradioI  treat-
ment.  It  is  suggested  that  the  20-25 min  latency  of  the  
17P-estradioI  effect  is  based  not  so  much  on  membrane  
as  on  genomic  mechanisms.  This  suggestion  is  sup-
ported  by  immunocytochemical  studies:  17P-estradiol  
treatment  significantly  decreased  the  number  of  
GABA-positive  axo-somatic  synapses  in  the  arcuate  
nucleus.  NeuroReport  10:3649-3652  ©  1999  Lippincott  
Williams  &  Wilkins.  

Keywords:  Arcuate  nucleus;  17P-Estradiol;  GAB A;  Neu-
ronal  activity;  Neuronal  plasticity;  Steroids  
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Introduction 

The  neuroendocrine  regulation  of  gonadotropin  se-
cretion  in  female  animals  is  known  to  be  under  the  
control  of  the  predominant  inhibitory  neurotrans-
mitter  in  the  brain,  GABA  [1],  The  activity  of  the  
GABA  system  (which  represents  about  50%  of  the  
hypothalamic  neuronal  population)  has  been  re-
ported  to  be  the  key  regulatory  element  in  the  
release  of  different  hormones  [2],  From  recent  
experimental  data,  however,  it  has  become  clear  that  
the  picture  is  more  complex,  because  the  connection  
is  reciprocal,  the  gonadal  hormones  are  also  influ-
encing  the  GABA  system:  they  modulate  the  GABA  
levels  and  GABA  receptors  in  several  brain  areas  
[3-5]  and  induce  plastic  changes  in  GABAergic  
synapses  [6].  

O u r  earlier  quantitative  post-embedding  immuno-
cytochemical  analysis  of  the  arcuate  nucleus  revealed  
that  the  administration  of  a  single  dose  of  17|3-
estradiol  resulted  in  a  significant  decrease  in  the  
number  of  GABA-immunoreactive  axo-somatic  sy-
napses  in  ovariectomized  rats  [7],  It  also  indicated  
that  there  is  a continuous  synaptic  remodeling  in  the  
arcuate  nucleus  during  the  estrus  cycle,  which  is  
driven  by  the  changing  17|3-estradiol  levels  in  the  
plasma  [8].  

The  estradiol-induced  synaptic  remodelling  may  
have  functional  consequences  and  we  wanted  to  gain  

0959-4965 ©  Lippincott Williams & Wilkins 

further  insight  into  its  physiological  significance.  To  
address  this  question  the  aims  of  the  present  studies  
were  to  investigate  whether  the  17p-estradiol-in-
duced  decrease  in  inhibitory  synaptic  inputs  on  the  
arcuate  neurons  results  in  a  change  in  their  electro-
physiological  activity,  and  to  study  the  possible  
effects  of  activation  of  the  olfactory  and  somatosen-
sory  systems  on  the  activity  of  the  neurons  in  the  
arcuate  nucleus.  

Materials  and  Methods  
Surgical  procedures:  The  experimental  procedures  
used  in  this  study  followed  the  protocol  for  animal  
care  approved  by  both  the  Hungarian  Health  Com-
mittee  (1998)  and  the  European  Communities  
Council  Directives  (86/609/EEC).  Three-month-old  
anesthetized  ovariectomized  rats  (27  animals)  were  
secured  in  a  stereotaxic  headholder  (David  Kopf)  
that  provided  access  to  the  arcuate  nucleus.  During  
the  experiments,  the  rats  were  anesthetized  with  a  
mixture  of  Ketavet  (10.0 mg/100  g)  and  Rompun  
(xilasine,  0.8mg/100g).  After  surgery  the  animals  
were  allowed  to  rest  for  1 h.  The  core  temperature  
was  maintained  at  37°C.  During  the  course  of  the  
experiments,  while  the  activity  of  an  arcuate  neuron  
was  recorded  (at  least  2 5 - 3 0 min),  17|3-estradiol  was  
injected  (100  (Xg/100 g  in  sesame  oil,  i.p.).  Five  min-
utes  after  the  injection  the  plasma  concentration  of  
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estradiol  reached  60-120 pg/ml  and  at  the  comple-
tion  of  the  experiments  the  values  were  between  150  
and  250 pg/ml,  which  is  above  the  physiological  
levels  measured  in  intact  females  at  the  time  of  the  
proestrus  morning  peak.  According  to  our  experi-
mental  paradigm  one  arcuate  cell  was  studied  per  
animal. 

Stimulation  and  recording:  The  possible  effects  of  
electrical  stimulation  of  the  vibrissa  pad  and/or  
accessory  olfactory  bulb  (AOB)  on  the  activity  of  
the  neurons  in  the  arcuate  nucleus  were  also  tested.  
The  whisker  pad  was  stimulated  with  bipolar  needle  
electrodes  (1 Hz ,  0.3 ms  duration,  150-200  (iA),  
while  the  AOB  was  stimulated  with  bipolar  tungsten  
electrodes  (2 Hz,  0.3 ms  duration,  50-100  |iA)  at  the  
following  coordinates:  5 mm  anterior  to  the  bregma  
and  1.4 mm  lateral  to  the  midline.  With  the  aid  of  
stereotaxic  guidance,  unit  discharges  in  the  arcuate  
nucleus  were  recorded  extracellularly  with  glass  
micropipets  filled  with  2.5 M  NaCl  (impedance  15-
20 MQ).  The  electrodes  were  advanced  in  3 - 5  pm  
steps,  by  means  of  a Narishige  hydraulic  micromani-
pulator.  The  signals  were  fed  into  a  differential  
amplifier  with  1 H z  lower  and  10 kHz  upper  fre-
quency  limits,  and  visualized  on  a Tektronix  storage  
oscilloscope.  Amplified  unit  responses  were  fed  into  
a  computer  via  an  interface  (Digidata  1200,  pClamp  
6.0.4.  software,  Axon  Instruments)  and  stored  for  
further  processing.  

After  the  experiments  the  animals  were  fixed  by  
transcardial  perfusion  by  4%  paraformaldehyde  in  
0.1 M  phosphate  buffer.  The  brains  were  removed  
and  site  of  the  recording  electrode  was  verified  in  
cresyl  violet-stained  Vibratome  sections.  

The  effect  of  17$-estradiol  on  the  activity  of  the  
arcuate  neurons:  In  all  those  cases  when  unit  
activities  could  be  followed  for  a  sufficient  time,  
spontaneous  activity  of  the  neurons  increased  after  
20-25 min  of  17(3-estradiol  application.  At  the  25th  
minute  the  difference  was  highly  significant:  the  
frequency  was  increased  from  5.5 ±1 .8  spikes/s  
(mean±s.d.)  to  20.2 ± 2  spikes/s  (Fig.  1).  In  the  
same  experiments  we  tested  the  effect  of  different  
modulatory  components  on  the  activity  of  arcuate  
neurons.  Four  of  the  nine  neurons  responded  to  
whisker  pad  stimulation,  exhibiting  enhanced  activ-
ity  on  somatosensory  inputs  (Fig.  2).  The  increased  
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FIG. 1.  Spontaneous  activity ot arcuate neurons  before  (0 min) and after 
(25 min)  17p-estradiol  injection.  Inset:  Activity  of  an  arcuate  neuron  
before  and  25min  after  17p-estradiol  treatment.  Bar =  100ms.  * * p <  
0.01. 

Results 
The  in  situ  study  of  the  electrophysiological  activity  
of  the  arcuate  neurons  is  not  an  easy  task  in  the  
mouse  [9] and  it  is  even  more  difficult in  the  rat:  this  
is one  of  the  possible  reasons  why  in  vitro  recording  
is  frequently  used  in  such  studies  [10,11],  Consider-
ing  the  complex  synaptic  organization  of  the  hy-
pothalamus  and  the  arcuate  area,  this  technique  has  
serious  limitations,  because  the  slice  preparation  
lacks  functionally  important  input  and  output  con-
nections.  The  only  way  to  study  the  effect  of  certain  
sensory  inputs  and  systemically  administered  17(3-
estradiol  on  the  activity  of  arcuate  neurons  is  in  situ  
recording;  therefore  in  the  present  paper  we  used  
this  technique.  In  the  course  of  our  experiments,  we  
measured  the  activity  of  more  than  30  units,  and  
analysed  the  data  when  the  unit  activity  could  be  
followed  for > 2 5 - 3 0  min.  
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FIG. 2.  The  modulatory  effect  of  vibrissa  pad  (hatched  columns)  and  
accessory  olfactory  bulb  (crosshatched  columns)  stimulation  on  the  
spontaneous  activity  of  arcuate  neurons  before  (Omin) and  after  (25 min) 
17p-estradiol  injection (¡.p.).  * p<0.05,  * *  p<0.01.  
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firing  was  observed  both  before  and  after  17(3-
estradiol  application  (7 ±  0.8  spikes/s  and  30.3 ±  4.7  
spikes/s,  respectively).  AOB  stimulation,  however,  
which  was  tested  on  the  same  cells,  resulted  in  an  
opposite  effect,  with  decreased  activity  in  both  the  
absence  and  presence  of  17|3-estradiol.  In  control  
circumstances  the  firing  frequency  changed  from  
4.6 ±1 .8  to  1.9 ±0 .3  spikes/s,  while  after  17|3-estra-
diol  treatment  the  values  were  20.2 ±2 .3  and  14.1  ±  
1.9  spikes/s:  the  differences  in  both  cases  were  
significant  (Fig.  2).  

Discussion 
The  results  clearly  show  that  i.p.  injection  of  17|3-
estradiol  is  able  to  significantly  increase  the  activity  
of  the  arcuate  neurons  within  20-25 min.  Our  data  
are  in  agreement  with  earlier  findings  which  indi-
cated  that  a  number  of  steroid  hormones  exert  
marked  electrophysiological  effects  in  the  CNS  [12].  
Concerning  the  sites  and  mechanisms  of  hormone  
actions,  however,  conflicting  opinions  are  existing  
on  the  hypothesis  if  genomic  or  non-genomic  fac-
tors  play  a  role  in  this  phenomenon.  Many  of  the  
effects  are  believed  to  be  mediated  by  interactions  
with  intracellular  receptors  that  result  in  gene-
controlled  changes  in  protein  synthesis  [13],  but  on  
the  other  hand  they  are  often  interpreted  as  direct  
membrane  effects  of  hormones.  The  main  argument  
in  favor  of  the  direct  effect  is  the  fast  onset  of  action  
of  the  steroid  observed  in  slice  preparations,  but  
these  data  are  also  contradictory.  Li  et  at.  [9]  
reported  increased  activity  but  found  no  difference  
between  estrogen-treated  and  control  animals  for  
any  of  the  electrophysiological  characteristics  which  
should  reflect  a  change  in  excitability  of  neurons.  
Yeoman  and  Jenkins  [14]  demonstrated  that  the  
arcuate  neurons  maintained  their  diurnal  pattern  of  
activity  (i.e.  increased  firing  rate  during  proestrus  
afternoon)  in  slices  if  the  animals  were  pretreated  
with  estrogen.  These  data  can  not  be  explained  as  a  
direct  membrane  effect  of  estrogen  they  rather  
indicate  that  estrogen  might  act  on  other  parts  of  the  
brain,  thereby  increasing  the  amount  of  excitatory  
information  transmitted  to  the  arcuate  neurons.  

In  their  experiments,  Li  et  at.  [9] and  Yeoman  and  
Jenkins  [14]  used  slice preparation  from  animals  that  
were  chronically  treated  with  estradiol;  therefore  
they  have  no  data  about  the  time  course  of  the  
estradiol  effect.  This  information,  however,  is  very  
important  for  the  understanding  of  the  possible  
molecular  mechanisms  and  the  result  of  our  in  situ  
experiments  show  that  the  enhanced  activity  of  
arcuate  neurons  occurs  within  25 min. 

Although  the  mechanism  of  the  effect  of  intraper-
itoneally  applied  estrogen  on  the  arcuate  neurons  is  

still  obscure,  some  genomic  effects  of  steroids  can  be  
very  rapid.  According  to  Mosher  et  al.  [15],  it  can  
be  within  the  range  of  10  or  20 min,  i.e.  the  20-
25 min  latency  reported  here  can  be  explained  by  
this  mechanism  [16].  After  5 min  of  i.p.  injection  the  
estradiol  concentration  in  the  plasma  reaches  a  level  
which  is  higher  than  that  of  following  the  proestrus  
morning  surge.  This  concentration  is  maintained  for  
a  prolonged  period  and  it  was  also  shown  that  the  
circulating  estradiol  is  delivered  to  the  target  cells  in  
a  few  minutes.  The  fact  that  during  the  phases  of  
increased  neuronal  firing  Garcia-Segura  et  al.  [17]  
demonstrated  increased  gene  transcription  and  
nucleo-cytoplasmic  transport  may  also  indicate  
genomic  action.  According  to  our  working  hypoth-
esis  estradiol  acts  on  the  GABAergic  system  and  the  
observed  increase  in  activity  is  the  consequence  of  
the  disinhibition  of  arcuate  neurons.  

We  have  found  that  the  majority  of  the  evaluated  
units  did  not  respond  to  different  sensory  stimuli.  
There  is  a  population,  however,  in  which  the  spon-
taneous  activity  could  be  influenced  by  stimulation  
of  both  the  somatosensory  and  the  olfactory  systems  
i.e.  these  cells  are  receiving  inputs  from  both  direc-
tions.  Although  Li  et  al.  [9]  found  that  the  AOB  
acts  to  enhance  the  activity  of  a  subpopulation  of  
arcuate  neurons,  and  that  neural  transmission  could  
be  modulated  by  estrogen,  as  far  as  we  know,  our  
observation  is  the  first  demonstration  of  the  mod-
ulatory  effect  of  trigeminal  activation  on  arcuate  
neurons.  The  two  types  of  sensory  modulation  
resulted  in  different  effects,  the  AOB  and  whisker  
pad  stimulation  caused  a  decreased  and  increased  
firing,  respectively.  The  somatosensory  and  olfac-
tory  stimuli  are  important  in  the  sexually  differen-
tiated  behavioral  and  neuroendocrine  functions;  
therefore  further  studies  are  needed  to  elucidate  the  
role  of  arcuate  neurons  in  processing  these  inputs.  

Conclusion 
Twenty-five  minutes  after  the  i.p.  administration  of  
17(3-estradiol  we  recorded  a  significant  increase  in  
the  spontaneous  activity  of  arcuate  nucleus  neurons.  
In  the  present  study  we  used  an  in  situ  preparation,  
i.e.  all  the  synaptic  connections  of  the  cells  remained  
intact  and  we  were  able  to  follow  the  development  
of  the  hormonal  effect  on  the  same  units.  The  late  
onset  of  the  estradiol  action  makes  it  unlikely  that  
the  changes  are  the  consequence  of  direct  membrane  
effect and  we propose  that  the  enhancement  of  firing  
is  the  result  of  the  decrease  in  inhibitory  synaptic  
inputs  on  arcuate  neurons.  We  could  demonstrate  
that  somatosensory  (trigeminal)  and  olfactory  inputs  
are  also  modulating  the  activity  of  these  neurons.  
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