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SNYDER, J. J. AND R. A. LEVITT. Neural activity changes correlated with central anticholinergic blockade of" 
cholinergically-induced drinking. PHARMAC. BIOCHEM, BEHAV. 3(1) 75-79,  1975 . -  In the rat, microinjections of 
carbachol into the septal area elicited water ingestion and increased multiple unit activity at this site and also the 
noninjected lateral hypothalamus. Carbachol injection into the lateral hypothalamus also elicited water ingestion, but 
multiple unit activity did not increase in this structure, although it did in the noninjected septal area. If carbachol was 
injected into one of these sites and isotonic saline into the other (conditions comparable to those for which drinking has 
been previously demonstrated), increased multiple unit activity was still found. However, if carbachol was injected into one 
of these sites and atropine into the other (conditions comparable to those for which the blockade of drinking has been 
previously demonstrated), the increases in multiple unit activity were blocked. Carbachol-elicited drinking may result from 
neural activity changes similar to those recorded in this study, and atropine may inhibit carbachol-elicited drinking by 
inhibiting such neural firing changes. 
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M I C R O I N J E C T I O N S  of cholinergic drugs into l imbic 
system or hypotha lamic  sites in the rat have been shown to 
elicit drinking [3, 6, 7, 10]. Inject ions of  ant icholinergic 
drugs at these sites have been shown to block the drinking 
response to cholinergic s t imulat ion [8,11 ]. These data have 
led to the hypothesis  that ,  in the rat, the neurobiological  
substrate for water  ingestion may consist, in part,  of  a 
l imbic system circuit  that util izes acetylchol ine  as its 
synaptic t ransmit ter  [3, 9, 13]. It has been fur ther  postu- 
lated that  cholinergic s t imulat ion elicits drinking by having 
an exc i ta tory  effect on the  proposed circuit, and that  
a t ropine  blocks this effect  by causing a t empora ry  inhibi- 
t ion of  neural act ivi ty in the circuit  [9 ,20] .  

More recent  data have raised a number  of  quest ions 
about  the substrate for cholinergically-elici ted drinking. 
There is evidence that when drug solutions are exogenously  
administered,  they  may diffuse f rom the site of  inject ion 
via axoplasmic f low or via the ventr icular  system [4, 16, 
17].  Thus it may be that  the loci at which cholinergic drugs 
affect water  ingestion are not  those at which the drugs are 
injected. Stein and Levitt  [20] suggested that  if anti- 
cholinergic drugs block cholinergic-drinking by inhibit ing 
neural act ivi ty at the site of  applicat ion,  then small lesions 
at positive cholinergic-drinking sites should duplicate the 

blockade effect.  However,  they  found that small lesions at 
positive cholinergic-drinking sites in the l imbic system did 
not  produce a suppression comparable  to that  produced by 
atropine. Therefore ,  the neurophysiological  events medi- 
ating cholinergic el ici tat ion and ant icholinergic blockade 
may not be those suggested by the cholinergic circuit  
hypothesis.  

Potent ial  answers about  the locat ion and direct ion o f  
changes in neural activity produced by cholinergic and 
anticholinergic s t imulat ion may be found by recording 
neural activity at sites where cholinergic and ant icholinergic 
drugs affect drinking. Grossman [8] found no changes in 
EEG fol lowing cholinergic s t imulat ion of  effect ive drinking 
sites, and MacPhail [ 12 ] found sinusoidal slow waves in the 
hippocampus,  but no change in cort ical  or amygdalar  sites 
fol lowing cholinergic st imulation.  A change or lack of  
change in EEG, however,  is not  interpretable as neuronal  
exci ta t ion  or  inhibit ion.  

Changes in hypotha lamic  single unit  activity fol lowing 
e lec t rophore t ic  applicat ion of  cholinergic drugs have also 
been analyzed [14] .  Ace ty lchol ine  caused an increase in 
the firing rate of  most o f  the neurons sampled, a t ropine  
decreased the firing, and at ropine applied s imultaneously 
w i t h  ace ty lchol ine  el iminated the increases normally  
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elicited by acetylcholine.  Al though these neural changes are 
consonant  with those predicted by the cholinergic circuit 
hypothesis,  no correlative behavioral  data were presented.  

The recording of  mult iple  unit  act ivi ty (MUA) allows 
direct observat ion of  neural exci ta t ion and inhibi t ion in cell 
populat ions large enough to be meaningfully related to 
behavioral  events [1] .  Buerger et al. [2] investigated 
changes in MUA fol lowing inject ions of  carbachol,  saline or 
atropine. Carbachol  elicited increases in MUA at the stimu- 
lated and contralateral  homologous  sites. Fur thermore ,  the 
t ime course of  the MUA increase was similar to the t ime 
course of  carbachol-elicited drinking. Nei ther  a tropine nor 
saline alone had an effect on the baseline level of  neural 
ac t iv i ty .  Al though these data are only correlational,  
carbachol increases neural activity in l imbic system sites at 
which it elicits drinking, and the drinking may be related to 
this increase. 

The present exper iments  a t tempted  to extend the work 
of Buerger et al. [2] .  Other neural s tructure combina t ions  
were sampled, and the effect of  a t ropine on the carbachol- 
elicited increase in MUA Was studied. Specifically, the 
exper iments  a t t empted  to answer the fol lowing questions: 
(a) Does carbachol produce  changes in MUA at neural sited 
where drinking is elicited by this drug'? (b) Do the changes 
in MUA at the site of  carbachol s t imulat ion differ  from 
those at contralateral  non-homologous  drinking sites? (c) 
Does an inject ion of  a tropine at a positive cholinergic site 
affect the change in MUA produced by carbachol injected 
at a contralateral  non-homologous  site? (d) Is the effect of  
a t ropine on MUA following carbachol s t imulat ion different  
f rom that of  a control  inject ion of isotonic saline'? 

M E T H O D  

Animals  

The animals were 54 adult male Long-Evans rats, weigh- 
ing f rom 300 to 400 g at the beginning of  the exper iment .  
Rats were individually housed with Purina lab pellets and 
water  constant ly available, except  during drinking tests, 
when only water  was available. A normal  12 hours-light, 12 
hours-dark light-dark cycle was maintained and all experi- 
mental  procedures  occured during the daylight hours. 

Surgery 

Two hollow guide shafts, made f rom 18 ga hypodermic  
needles, were stereotaxical ly implanted under  pentobarbi ta l  
anesthesia (50 mg/kg). The implants were aimed either at 
the right or left lateral septal nucleus (LSN: AP 7.8, L .80, 
D +2.0) and the contralateral  lateral hypotha lamic  area 
(LHA:  AP 5.4, L 1.5, D - 2 . 5 )  [15] .  Due to their  size, the 
guide shafts were lowered only 2 mm below the top  of  the 
skull to minimize the dest ruct ion of  brain tissue. 

Drugs 

T h e  d rugs  used for intracranial s t imulat ion were 
carbachol (CARB; choline chlorine carbamate,  a cholino- 
mimetic) ,  a t ropine sulfate (AT; an ant imuscarinic  chol ine> 
gic blocking agent), and sterile isotonic saline (NS). Both 
the carbachol and the atropine were dissolved in isotonic 
saline in a concent ra t ion  of  2.0 ~,g/**l. 

Apparatus and Procedure 

After  a min imum of 5 days fol lowing surgery, the 

animals were anesthet ized with pentobarbi ta l  (55 mg/kg),  
and were placed inside an electrically shielded enclosure. 
Two 30 ga cannulae, each separately insulated with epoxy-  
lite except  for their  tips and then joined with another  coat  
of  epoxyl i te ,  were then lowered through each of  the previ- 
ously implanted guide shafts. The cannulae were set to 
reach the previously ment ioned  dorsal-ventral coordinates.  
A short length of  PE 10 po lye thy lene  tubing was connected 
to one of  the 30 ga cannulae at each site, and at tached to a 
7 0 2  Hamil ton  microsyringe operated by a Hamil ton 
PB-600-1 repeating dispenser, set to deliver 1 ~1 of solution. 
Each of  the inject ion systems was prefilled with one of 
three solutions: (a) carbachol ( 2 . 0 , g / u l ) ;  (b) a tropine 
sulfate (2.0 ~g/M); (c) sterile isotonic saline; or left empty.  
These doses of  carbachol  and atropine are comparable  to 
those shown to be effect ive in previous studies of  the 
el ici tat ion of drinking by carbachol and its blockade by 
atropine [9, l  11. 

Recordings of  MUA were obta ined from both brain sites 
using the two 30 ga cannulae at each site as bipolar elec- 
trodes. Activi ty f rom each brain site was carried to a Grass 
P-15 a,c. preamplif ier  by two shielded wires, with a 
100 ohm resistor in series with one of  the wires. The pre- 
amplifier  was adjusted for a 1/2 ampli tude band pass of  
3 0 0 - 3 0 0 0  Hz and an amplif icat ion factor  of 100. The 
output  of the P-15 was fed to an a.c. combina t ion  preampli- 
fier and activity integrator  (Grass 7P3B), a d.c. driver 
amplifier  (Grass 7DAE) and was displayed by an ink writing 
oscillograph (Grass 7WC16PA). The preamplif ier 's  t ime 
constant  was set at 0.2, its threshold at 4, its sensitivity at 
maximum,  and its rect if icat ion on full wave. The driver 
amplif ier 's  sensitivity was set at maximum,  its l /2  amp high 
f requency at 15, and its 60 Hz filter engaged. 

Before the recording period began, each channel was 
calibrated by introducing a 1 0 0 0 H z  sine wave of  a known 
ampli tude (between 1 and 10 ~V) across the 100 ohm resis- 
tor. Af ter  15 rain o f  baseline recording, the exper imenter  
operated the drug dispenser for each site. Recording then 
cont inued for another  30 min. At the end of  the post- 
s t imulat ion recording period, each channel was recalibrated 
to verify the stability of  the recording. 

After  a 5 day recovery period, the animal was tested for 
the behavioral  el icitation of  drinking by carbachol (2.0 **g 
in 1.0 ul) at one site, and after another  5 days, at the o ther  
site (in counterbalanced order). If the animal drank at least 
4.0 ml more during the 30 rain test period than during the 
preceding 30 min control  period, the st imulat ion site was 
considered positive. 

Histology 

After  comple t ion  of  the exper iment ,  the brain of  each 
rat was perfused, frozen sections were stained with cresyl 
violet,  and st imulat ion and recording loci were verified. 

R E S U L T S  

The data presented are f rom 54 animals (9 per group) 
that drank to s t imulat ion with carbachol at both  the LSN 
and the LHA during the behavioral  tests that  fol lowed 
MUA recording. Data f rom 48 animals were discarded 
because of  early death,  plugged guide shafts, or negative 
testing to carbachol at one or both  of  the drinking sites. 

There were no significant differences in the vo lume of 
water  consumed fol lowing st imulat ion of  the LSN or LHA 
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FIG. 1. Chemical brain stimulation and MUA: Carbachol in the LSN. At the beginning of Period 2 
carbachol (CARD) was injected into the LSN and either no injection was made into the LHA (NONE), 
or isotonic sodium chloride (NS) or atropine (AT) was injected into the LHA. The data presented are 

mean levels of MUA for each group (see text for details). 
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FIG. 2. Chemical brain stimulation and MUA: Carbachol in the LHA. At the beginning of Period 2 
carbachol was injected into the LHA and either no injection was made into the LSN, or isotonic sodium 
chloride or atropine was injected into the LSN. The data presented are mean levels of MUA for each 

group (see text for details, and the legend to Fig. 1). 

on the  behavioral  tests for any of  the groups.  Group water  
in take averages ranged be tween  5.1 and 9.2 ml (average of  
7.2 ml). 

The minimal level o f  activity during each minu te  of  the 
recording was referenced to  the first minu te  (which  was 
arbitrari ly set at zero),  and the d i f ference  was quant i f ied  in 
microvol t -seconds  by compar i son  to the cal ibrat ion signal. 

F requent ly ,  a large t ransient  change in voltage occured  
during inject ion of  the solutions.  Act ivi ty  f rom this shor t  
period (less than  5 sec) was not  included in the  data 
analysis. 

The recording session was divided into three 15 min t ime 
blocks (Periods 1, 2, and 3; Figs. 1 and 2), and a mean level 
of  MUA was c o m p u t e d  for each t ime block to facili tate 
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stat is t ical  analysis.  Compar i sons  were t h e n  made  b e t w e e n  
the  mean  levels of  MUA recorded  dur ing  each t ime  b lock  
using an  analysis of  variance and the  T u k e y  HSD test  for  
pos t -anova compar i sons  [5 ] .  Figures 1 and 2 show the  
mean  level of MUA for each m i n u t e  of  the  45 min  record-  
ing sessions for each drug t r e a t m e n t  group and each 
recording site. Dur ing the  15 p re s t imu la t ion  minu te s  
(Period 1), the  level of  MUA was qui te  stable.  

When CARB was in jected in to  1 of the  2 record ing  sites, 
in general,  MUA was increased ( compared  to Period 1) 
dur ing  all or par t  of  the  30 m i n u t e  pos t -drug  record ing  
(Period 2 = first 15 min  pos td rug ;  Period 3 = second 15 min  
pos tdrug) .  The  increase in MUA produced  by  CARB was 
signif icant  dur ing  b o t h  Per iods  2 and 3 w h e n  CARB was 
in jec ted  in to  the  LSN and act ivi ty  was r ecorded  f rom the  
LSN (F = 8.27, p < 0 . 0 1 ;  F = 4.49,  p < 0 . 0 5 )  or f rom the  
LHA (F  = 5.91, p < 0 . 0 1 ;  F = 6.46,  p < 0 . 0 1 ) .  Similarly,  
when  CARB was in jec ted  in to  the  LHA, the  level of  MUA 
was greater  dur ing  b o t h  Periods 2 and 3 t h a n  Period 1 w h e n  
record ing  f rom the  LSN (F = 3.86, p < 0 . 0 5 ;  F = 5.67, 
p < 0 . 0 1 ) ,  bu t  no t  w h e n  record ing  f rom the  LHA. 

When CARB was in jected in to  the  LSN and NS in to  the  
LHA, the  level of  MUA recorded  f rom the  LSN dur ing  
Periods 2 and  3 did no t  differ  f rom Period 1, bu t  the  level 
of  MUA recorded  f rom the  LHA dur ing  Period 2 (bu t  no t  
Period 3) was greater  t h a n  tha t  dur ing  Period 1 (F  = 3.78, 
p < 0 . 0 5 ) .  For  the  group s t imula ted  wi th  CARB in the  LHA 
and NS in the  LSN, the  MUA level was h igher  dur ing  
Period 2 (bu t  no t  3) t han  dur ing  Period 1 w h e n  record ing  
f rom the  LSN (F = 3.70, p < 0 . 0 5 ) ,  bu t  there  was no  differ- 
ence in the  level of  MUA recorded  dur ing  any of  the  
per iods  f rom the  LHA. 

The  increased MUA some t imes  found  dur ing  Periods 2 
and  3 when  CARB was in jected in to  the  LSN or the  LHA, 
or w h e n  CARB was in jected in to  one  of  these  sites and NS 
in to  the  o ther ,  was not  found  when  the  c o m b i n a t i o n  of  
CARB and AT was used. 

A n o t h e r  way of evaluat ing these  data  is by compar ing  the  
drug t r e a t m e n t  groups  to each o ther .  Dur ing Per iod 1 there  
was no  d i f fe rence  in the  level of MUA b e t w e e n  any of  the  
drug t r e a t m e n t  groups.  In con t ras t ,  dur ing  Per iods  2 and 3, 
several of  the  drug t r e a t m e n t  groups did differ  f rom each 
o the r  in MUA. When CARB was in jec ted  in to  the  LSN and 
recordings  were made f rom the  LSN, all 3 t r e a t m e n t  groups  
dif fered in MUA dur ing  Period 2 (CARB vs NS: F = 4.02,  
p < 0 . 0 5 ;  CARB vs AT: F = 9 . 6 1 , p < 0 . 0 1 ; N S  vs AT: F = 
5.67, p < 0 . 0 1 ) .  During Period 3 the  CARB and NS groups  
di f fered f rom the  AT group (F = 5.43, p < 0 . 0 1 ;  F = 4.57,  
p < 0 . 0 5 ) ,  bu t  these  two groups  did no t  differ  f rom each 
o the r  (CARB vs NS). For  these same t r e a t m e n t  groups  
(CARB in the  LSN), MUA in the  LHA dur ing  b o t h  
Periods 2 and 3 dif fered for  the  CARB vs NS and the  CARB 
vs AT compar i sons  (Period 2 - CARB vs NS: F = 6.69, 
p < 0 . 0 1  ; CARB vs AT: F = 8.90, p < 0 . 0 1  ; Period 3 - CARB 
vs NS: F = 7.08, p < 0 . 0 1  ; CARB vs AT: F = 9.67, p < 0 . 0 1 ) ,  
bu t  the  NS and AT groups were no t  d i f fe ren t  f rom each 
other .  

When  CARB was in jec ted  in to  the  LHA and recordings  
were also made  f rom the  LHA, dur ing  Period 2 the  CARB 
group di f fered f rom the  NS group (F  = 5.35, p < 0 . 0 1 )  and 
the  NS and AT groups  also dif fered (F  --- 3.62, p < 0 . 0 5 ) ,  bu t  
the  CARB and AT groups  did no t  differ  f rom each o ther .  
Dur ing Period 3 (wi th  CARB in jec t ions  in to  the  LHA and 
recordings  f rom the  LHA) the  NS and AT groups  di f fered 
n MUA (F = 3.78, p < 0 . 0 5 ) ,  bu t  the CARB group did no t  

differ  f rom the  NS or AT groups.  For  these same t r e a t m e n t  
groups  (CARB in the  LHA),  MUA in the  LSN dur ing  
Per iod 2 di f fered be tween  the  CARB and AT groups  (F  = 
4.96,  p < 0 . 0 1 ) ,  bu t  no t  b e t w e e n  the  NS and e i the r  the  
CARB or AT groups.  During Per iod 3 for these  same con- 
di t ions,  the  AT group di f fered in MUA f rom b o t h  the  
CARB (F = 6.69, p < 0 . 0 1 )  and NS (F = 4.17,  p < 0 . 0 5 )  
groups,  bu t  the  CARB and NS groups  did not  d i f fer  f rom 
each other .  

Data were also col lected f rom those  an imals  tha t  d rank  
to ca rbacho l  in jec t ions  at only  the  LSN, on ly  the  LHA, or 
at ne i the r  site. Compar i sons  were made  be tween  the m e a n  
levels of  MUA recorded  dur ing  each t ime  b lock  for all th ree  
of  these  groups.  Compar i sons  were also made  b e t w e e n  these 
groups  and  those  t ha t  d r ank  to ca rbacho l  at b o t h  sites 
[19 ] .  These  data  are equivocal ;  group sizes are low; how- 
ever, app rox ima te ly  ha l f  of the  compar i sons  are cons i s ten t  
wi th  the  main data,  ha l f  are not .  

Histology 

Tables  showing  the  s t imu la t ion  and record ing  sites are 
available e lsewhere [19 ] .  The  LSN p lacemen t s  were 
be tween  7.0 and 7.8 m m  AP, .25 and .75 m m  L, and be tween  
+2.0 and +2.75 m m  in dep th .  These  p l acemen t s  were 
located  in the  dorsal  po r t i on  of the  LSN. The LHA place- 
men t s  were be tween  4.8 and 5 . 4 r a m  AP, 1.25 and 
1 . 7 5 m m  L, and be tween  2.0 and - 3 . 0 r a m  in d e p t h  
[ 1 5 ] .  Most of  the  LHA p lacements  were jus t  lateral  to  the 
forn ix  and ventra l  to  the zona incerta .  

D I S C U S S I O N  

Brain loci where  ca rbacho l  elicits d r ink ing  also usually 
show increased MUA af ter  chol inergic  s t imula t ion .  In- 
creases in MUA are found  in b o t h  the  ca rbacho l  in jected 
sites and in con t ra la te ra l  n o n h o m o l o g o u s  non in j ec t ed  
chol inergic  dr ink ing  sites. These data  are similar to those  of  
Buerger  et al. [2] in tha t  there  was a s imul t aneous  shor t  
l a tency  fast rise in act ivi ty at b o t h  sites af ter  chol inergic  
s t imula t ion .  This  s imu l t aneous  fast increase suggests tha t  
ca rbacho l  elicits increased MUA in a circuit  by act ing at its 
site of  in jec t ion  r a the r  t han  di f fus ing to the  con t ra la te ra l  
site or some o the r  more  distal  site. These da ta  suggest a 
parallel  be tween  neurophys io log ica l  and behaviora l  events  
cons i s ten t  wi th  the  hypo thes i s  tha t  ca rbacho l  elicits dr ink-  
ing by  causing an increase in the  f r equency  of  neura l  firing, 
the  n u m b e r  of  neu rons  fired, or bo th ,  in a circuit  whose  
act ivi ty faci l i tates  wate r  ingest ion.  

The  b lockade  of the  increases in MUA by a t rop ine  at 
b o t h  the  chol inergical ly  s t imula ted  and the  eon t ra la te ra l  
n o n h o m o l o g o u s  a t rop ine  in jec ted  sites parallels the  behav-  
ioral d e m o n s t r a t i o n  of a t rop ine  b lockade  of  chol inergic  
d r ink ing  [1 1]. Again, these  data are cons i s ten t  wi th  the  
hypo thes i s  tha t  a t rop ine  b locks  chol inerg ic-dr inking  by 
inh ib i t ing  the  neura l  firing increases elicited by chol inergic  
s t imu la t ion  [ 1 1 ]. 

The  f indings are no t  to ta l ly  cons is tent ,  however ,  While 
in jec t ion  of ca rbacho l  in to  the  LSN produced  a clear 
increase in MUA at b o t h  the  LSN and the  LHA, in jec t ion  of  
ca rbacho l  in to  the  LHA produced  an increase in the  LSN, 
bu t  no t  the  LHA. It is possible tha t  the  LHA conta ins  pools  
of  neu rons  tha t  b o t h  increase and  decrease  in firing in 
response  to ca rbacho l  while the  septal  area con ta ins  
neu rons  tha t  generally increase in firing. A t rop ine  in e i ther  
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site re turns  MUA to baseline. There is also a general 
t endency  toward  depress ion of  MUA with  in ject ion of  
saline in to  e i ther  site. Reduc t ions  of  MUA have previously 
been  found  to occur  fol lowing inject ions  of  isotonic  sodium 
chlor ide [2 ] ,  and a nonspeci f ic  or ionic cause seems likely. 
These data are also c o n f o u n d e d  by the use of  an anes thet ic ;  
d i f fe rent  results  may be found  if MUA was recorded f rom 
unanes the t i zed  animals. 

A l though  mtich of  these data are cons is ten t  wi th  the 
hypo thes i s  of  a l imbic sys tem cholinergic thirst  circuit  in 
the rat, o thers  have suggested that  diffusion plays a major  

role in the wide d is t r ibu t ion  of  sites at which  cholinergic 
s t imula t ion  elicits dr inking [16 ,17] .  Recent ly ,  the sub- 
fornical  organ has been suggested as a critical focus for 
chemical ly  elicited drinking [18] .  It is conceivable tha t  the  
increases in MUA found at sites at which carbachol  is a 
d ipsogen are no t  direct ly related to the induc t ion  of  drink- 
ing. However,  since these increases are selectively b locked  
by a t ropine ,  they  seem to be cholinergically media ted  and 
no t  related to some nonchol inerg ic  p rope r ty  of  carbachol .  
Fu r the r  research utilizing mult iple  t echn iques  will be 
required to clarify this controversy.  
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