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DAVIS, M. AND J. K. WALTERS. Psiloc3"hin." Biphasic dose-response effects on the acoustic startle re/lex in the rat. 
PHARMAC. BIOCHEM. BEIIAV. 6(4) 427 431, 1977. - The startle reflex was measured in 7 groups o f10  rats each after 
intraperitoneal injection of saline or 0.25, 0.50, 0.75, 1.0, 2.0, 4.0 or 8.0 mg/kg psilocybin, l.ow doses (0.75-2.0 mg/kg) 
increased startle amplitude whereas high doses (4.0-8.0 mg/kg) depressed startle. Selected low (0.71 mg/kg) or high 
(5.70 mg/kg) doses of psilocin also had a biphasic dose-response effect on startle comparable in magnitude to equimolar 
doses of psilocybin. This biphasic dose-response relationship ot" the indole hallucinogen, psilocybin, on startle is consistent 
with the hypothesis that startle is increased when the firing rates of midbrain raphe neurons are selectively inhibited but is 
depressed when neurons postsynaptic to raphe cells are also inhibited. 
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('()NSIDI'_RAB[.[-" evidence suggests tha t  the acoust ic  
s tar t le  reflex in the rat is no rmal ly  inh ib i t ed  by the  
r aphe - se ro ton in  sys tem.  Elec t ro ly t ic  lesions of the midbra in  
raphe nuclei  increase s tar t le  amp l i t ude  [ 11 ,18] .  Inh ib i t i on  
of s e ro ton in  (5-1tT) synthes is  by p -ch lo ropheny la l an ine  [7] 
or p < ' h l o r o a m p h e t a m i n e  [14]  also increases s tar t le  ampli-  
tude.  Converse ly ,  increased release of  5-1"tT shor t ly  a f te r  
a d m i n i s t r a t i o n  of  p - c h l o r o a m p h e t a m i n e  [141 or direct  
infus ion  of  5-1tT in t raven t r icu la r ly  [19]  or in to  specific 
areas of  the brain [ 17] .  depress  start le .  

It is also k n o w n  that  low doses of  drugs which  are 
ha l luc inogens  in man al ter  s tar t le  in the rat. Fo r  example  
low doses of  d-lysergic acid d i e t hy l am i de  (LSD) or 
N-N- t l ime thy l t ryp t amine  (DMT)  increase star t le  [12.  13, 
26 ] .  Increased s tar t le  af ter  low doses of I,SD or DMT has 
been a t t r i bu t ed  to the fact tha t  low doses of these 
c o m p o u n d s  direct ly  and specifically inhib i t  the firing rate 
of midbra in  raphe  neu r ons  [2,  3, 201,  and the reby  reduce  
the release of 5 - H I  [ l 6 ]. I- 'unctionally,  low doses of  indole 
ha l luc inogens  act like se ro ton in  an tagonis t s .  

It is also k n o w n ,  however ,  t ha t  h igher  doses of ha l luc ino-  
gens direct ly  inh ib i t  neu r ons  pos t synap t i c  to raphe  cells 
[3 ,201.  Func t i ona l l y ,  high doses of  indole ha l luc inogens  act 
like sc ro lon in  agonists .  

Behavioral ly  the re fore ,  low doses of ha l luc inogens  
should  have ef fec ts  exac t ly  oppos i te  to those of  high doses, 
provided that  the behav io r  under  s tudy  is m o d u l a t e d  by the 
r aphe - se ro ton in  sys tem.  ( ' on s i s t en t  with  this is the f inding 
that  low doses of  I )MT increase s tar t le  amp l i t ude  whereas  
ttigh doses decrease s tar t le  amp l i t ude  [ 1 3 ] .  In add i t ion ,  
biphasic  dose-response  ef fec ts  of ha l luc inogens  have been 

observed in a var iety of  o the r  behaviora l  s i tua t ions  which  
..7, may also be m o d u l a t e d  by 5-1t"1- 14, 5, 8, 23, 24, 25, " 

2 8 , 2 9 1 .  
The  purpose  of  the present  s tudy  was to test the 

general i ty  of this re la t ionship  using a n o t h e r  ha l luc inogen ,  
ps i locybin .  Low doses of  the drug psilocin,  which  mos t  
p robab ly  is the active me tabo l i t e  of ps i locybin  [ I, 21, 22, 
31] have been shown  to inhibi t  the firing rate of the 
p resynapt ic  raphe  neurons ,  whereas  higher  doses are re- 
qui red  to inhib i t  neu rons  pos t synap t i c  to the raphc  131. 
Based on these di f ferent ia l  pre- and pos t synap t i c  5-HT 
effects,  ps i locybin  should  also have a biphasic  dose-response 
effect  on start le .  

EXPEHIMENT I: E t.'FE("I S OI. VARIOUS DOSES O1." 
PSILOCY~tN 

Method 

Animals. A tota l  of  70 male a lb ino  Sprague l)awley rats 
weighing be tween  2 5 0 - 3 0 0  g were used. Upon  receipt  f rom 
the suppl ier  (Charles River ( 'o . )  the rats were housed  in 
group c a g e s o f 4  5 rats each in a large co lony  room that  was 
ma in t a ined  o n a  12 121 igh t -da rkschcdu le .  Food  and wate r  
were c o n t i n u o u s l y  available. 

Apparatus. The appa ra tus  has been descr ibed in detail  
e lsewhere [301.  Briefly, 5 separate  s tab i l imeters  were used 
to record the ampl i tude  of the s tar t le  response.  Each 
s tab i l imete r  consis ted  of  an 8 x 15 × 15 cm Plexiglas and 
wire mesh cage suspended  be tween  compress ion  springs 
within a steel frame.  ( 'age m o v e m e n t  resulted in displace- 
men l  of  an acce le romete r  where  the resul tant  voltage was 
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Davis) and the State of ( 'onnccticut. Thanks are expressed to l.ee Schulhof for her technical assistance and the t:DA-PHS Psychotomimetic 
Advisory ( 'ommittee for supplyinte the psilocybin and psilocin. 
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propor t iona l  to the velocity of d isplacement .  Startle ampli- 
tude was defined as the max imum acce le rometer  voltage 
that occurred during the first 2 0 0 m s e c  after  the startle 
s t imulus was delivered and was measured with a specially 
designed sample and hold circuit.  The s tabi l imeters  were 
housed in a dark, vent i la ted,  sound a t t enua ted  chamber ,  
1.1 m from a h igh-f requency speaker.  The startle s t imulus 
was a 4000 Hz, 9 0 m s e c .  1 2 0 d b  tone having a rise-decay 
time of 5 msec. Background white noise,  provided by a 
white noise generator ,  was 46 db. Sound level measure- 
ments  were made within tile cages with a ( ;eneral  R a d i o  

Model 1551-(" sound level meier  (A-scale k 
Procedure.  Prior to drug testing, each of 70 rats was 

placed in a test cage and 5 rain later presented  with 10 
tones  at a 2 0 s e e  in ter tone  interval (ITI). Based on the 
mean startle ampl i tude  across these 10 tones,  the rats were 
divided into 7 groups of  10 rats each, with each group 
having similar mean levels of startle.  

On the first test (2.-3 days after the pre tes t ) ,  half  the 
rats in each group were injected int raper i toneal ly  ( I P ) w i t h  
isotonic saline (1 ml) and hal l  with psi locybin,  using doses 
of 0.25, 0.50, 0.75. 1.0, 2.0, 4.0 or 8.0 mg,"kg. A d i f ferent  
ma tched  group was used for each dose. hnmed ia t e ly  af ter  
the injection the rats were placed in the test chamber  and 
5 min later p resen ted  with 45 tones  at a 20 sec ITI. For the 
higher concen t ra t ions ,  psi locybin was dissolved in saline by 
adding a few drops  of I M tartaric acid and then adjusting 
tile ptt  to 6.0 with 0.1 N NaOtt.  The lower concen t r a t ions  
were then made by diluting appropr ia te ly  with saline from 
this s tock solut ion.  

Two clays later the same procedure  was repeated.  This 
time however ,  rats previously injected with saline were now 
injected with psi locybin and vice versa. Thus each rat served 
as its own control  with respect to salme vs. psi locybin,  
whereas dosage was varied be tween animals. 

Resul t s  

Figure 1 shows the percent  change in startle af ter  various 
doses of ps i locybm.  Percent change was c o m p u t e d  as: 
[(Mean startle ampl i tude  across all 45 tones  af ter  psilo- 
cybin-mean ampl i tude  after  salineb"(Mean ampl i tude  after  
salinel] × 100. Similar to o ther  hal lucinogens,  psi locybin 
had a biphasic dose-response effect  on startle.  Low doses 
increased startle,  whereas high doses depressed startle.  This 
conclusion was conf i rmed  by' an overall analysis of variance 
on the raw scores which found a significant quadrat ic  dose 
r e sponse re l a l i onsh ip ,  F( l ,631  = 1%17 ,p  0.001. 

E X P E R I M E N T  2: I-:FFI'CTS Ol.' LOW ANt )  H IGH DOSES OF 

PSILOCIN 

( 'onsiderable  evidence suggests that psi locybin is rapidly 
conver ted  to psilocin upon adminis t ra t ion ,  and that  psilocin 
is the active melabol i te  of psi locybin [ 1. 21, 22, 31 ]. If this 
is so. then doses of  psilocin equimolar  to those of 
psi locybin should have comparable  ef fec ts  on startle. 

M e t h o d  

A total of 40 rats were ma tched  into four groups  of  10 
rats each as previously described.  Two days later half the 
rats m each group were injected with saline and half with 
ei ther  0.71 or 5.6 mg/kg psilocin. These doses cor respond  
to doses of 1.0 and g.0 mg/kg psi locybin given the 1:1.4 
r a t i o  between the molecular  weighls of psilocin and 
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FIG. 1. Mean percent change in startle afler injection o f  various 
doses of psilocybm relative to an iniection ~H saline. 

psi locybin,  respectively,  hnmedia te ly  after tile injeclions 
the rats were placed in the test cages and 5 rain later 
presented  with 45 tones at a 20 sec ITI. Two days later the 
same procedures  were repeated,  except  animals previously 
injected with saline were now given psilocin and vice versa,. 
Psilocin was dissolved in saline by adding a few drops of 1 
N HCI and then adjusting the ptt  to 6.0 with 0. IN NaOH. 
Solut ions were made up immediate ly  before lesting. 

R~'sults 

At these doses,  psilocin also had a biphasic dose-response 
effect  on startle. The 0.71 mg/kg (lose increased startle by 
24U, t(lC,~) = 3.68, p ~0 .0 0 5  whereas the 5.7 mgikg dose 
depressed startle by 48% t ( l ~ )  = 5.96, p~:0.001. The 
magni tude  of the effects  compare  reasonably well with the 
magni tude  of equime, lar doses of psi locybin in Exper iment  
1 (25'.'; and -32,7;). 

E X P E R I M E N t "  3 :  T I M E  C O U R S E  O F  I ' S I I . O ( ' Y B I N ' S  A C T I O N  

In Exper iment  1, testing after psi locybin was only 
conduc ted  for a relatively brief period.  The purpose of tills 
exper iment  was to evaluate more exactly the time course of  
ps i locybin 's  action on startle. 

M e t h o d  

A total of 40 rals were matched  into two groups of 20 rats 
each as previously described,  l w o  (lays later, halt  the rats 
were injected with saline and half with psi locybin 
II mg:kgL hmnedia te ly  af ter  the injection the rats were 
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presen ted  with 180 tones  at a 2 0 s e c  l'l 'l. Two days later  
the same p rocedures  were repea ted  excep t  an imals  pre- 
viously injected wi th  saline were now given ps i locybin  and 
vice versa. 

Results 

Figure 2 shows the mean  a m p l i t u d e  star t le  response  over 
successive 2 rain per iods  (i.e. over  b locks  of  6 tones  sincc 
therc were 3 tones / r a in )  af ter  in jec t ion  of  e i the r  saline or 
ps i locybin .  Cons i s ten t  wi th  E x p e r i m e n t  1, this dose of  
ps i locybin  increased star t le  over the first 5 - 2 0  rain of the 
session and  this exc i t a to ry  ef fec t  was s ta t is t ical ly  signi- 
f icant ,  t ( 19 )  = 2.64, / )<0 .02 .  The  m a g n i t u d e  of  the exci ta-  
tory effect  over  this t ime per iod was small but  c o m p a r a b l e  
in magn i tude  to the e x c i t a t o r y  ef fec t  over  a similar t ime 
per iod in f -xper iment  1 (22'7. vs 2 5 q ) .  

Star t le  amp l i t ude  in rats in jected with saline showed  an 
initial decrease in a rnp l i tude  fol lowed by an increase over  
the rest of  the session. This  pa t t e rn  is typical  when  
star t le-el ici t ing tones  are in i t ia ted  immedia t e ly  af te r  placing 
the rats ira the test cages 191. The general  increase in s tar t le  
across the session reflects the c o m b i n e d  inf luence  of  
h a b i t u a t i o n  to the tones ,  which serves to decrease s tar t le .  
and c o n s t a n t  exposure  to b a c k g r o u n d  whi te  noise,  which 
serves to increase star t le  {q].  

In teres t ingly .  ps i locybin  appeared  to a t t e n u a t e  the 
normal  increase in s tar t le  toward  the end of  the session, 
since the avcrage s tar t le  amp l i t ude  from 3 0 - 5 0  rain was 
lower  af te r  ps i locybin  than  saline, t119) = 3 . 5 3 , p < 0 . 0 0 1 .  
Relative to the saline cond i t i on ,  the re fore ,  ps i locybin  first 
increased then  later  depressed start le ,  leading to a signifi- 
cant  Drug x Test  Time in te rac t ion  F ( 2 9 , 5 5 1 )  = 2.50, 
p < 0 . 0 0 1 .  Subsequen t  work wi th  o t h e r  doses 10.50 and 
4 .0  nlg,,'kg) indica ted  that  these later  depressive effects  were 
dose-rela ted,  with  h igher  doses p roduc ing  grea te r  subse- 
q u e n t  depress ion  of  s tar t le  beginning  earl ier  in the session. 

GENERAL DISCUSSION 

7 h e  present  results  are cons i s t en t  with  the idea tha t  low 
and  high doscs of  ha l luc inogenic  drugs should  have oppos i te  
ef fec ts  on behaviors  which  are believed to bc m o d u l a t e d  by 
the r aphe-se ro ton in  system, l .ow closes of  ps i locybin ,  by 
inhib i t ing  lhe firing rate of the p resynap t i c  raphe  neurons ,  
should  release pos t synap t i c  neu r ons  from inh ib i to ry  5-1tT 
input  and increase s tar t le ,  since star t le  is believed to 
normal ly  be inh ib i l cd  by 5-HT. Iligh doses, by direct ly  
inh ib i t ing  n e u r o n s  pos t synap t i c  to the raphe,  should  act 
like 5-HT agonists  and depress  start le .  

It could  of  course  be argued that  high doses of  any drug 
may depress  s tar t le  nonspccificall;y and that  this could 
accoun t  for thc depressive effect  of the h igher  doses of  
ps i locybin .  This possibi l i ty  c a n n o t  bc ruled out .  However ,  it 
is i m p o r t a n t  to no te  tha t  very high doses of d- or 
l - amphe t amine  (16 32 mg/kg)  have p o t e n t  exc i t a to ry  
effects  on start le ,  while o t h e r  drugs such as c lonid ine  have 
m o n o t o n i c  depressive effects  [ 10 ,15] .  No hint  of  a biphasic  
dose-response  re la t ionship  is observed with e i the r  drug over  
a wide range of  doses. 

The fact tha t  equ imola r  doses of ps i locybin  and psilocin 
had similar  hiphasic  dose-response  effects  on  s tar t le  sup- 
por ts  the idea tha t  the behaviora l  e f fec ts  of  ps i locybin  
p robab ly  restllt fronl  its convers ion  to psi locin m viro. 
Under  the test condi t icms used, rat) d i f fe rence  was de tec ted  
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FIG. 2. Mean amplitude startle response over successive 2 rain 
periods after injection of psilocybin ~ 1.0 mg/kg) or saline. 

in the t ime course of changes  in s tar t le  amp l i t ude  p roduced  
by psilocin or ps i locybin .  l-his is cons i s t en t  with the f inding 
that  the t ime course of  each is also very similar in a l ter ing 
h u m a n  behav io r  [ 3 1 ] .  If ps i locybin  mus t  be conver t ed  to 
psilocin to be effect ive ,  then b o t h  h u m a n  data  and now 
start le  data  suggest tha t  this  convers ion  occurs  very rapidly 
af ter  admin i s t r a t ion .  

It should  be emphas ized  that  tile exc i t a to ry  effect  of  
ps i locybin  (or  psi locin)  on star t le  was small. Even though  
reproducib le  in all three  e x p e r i m e n t s  and stat is t ical ly 
s ignif icant ,  the exc i t a to ry  effect  never  exceeded  a b o u t  30%, 
regardless of the dose used. Thus  ps i locyb in ' s  ef fec t  is 
similar in magn i tude  to tha t  of DMT [ 1 3 ] ,  and bo th  drugs 
are cons iderab ly  less eff icacious than  LSD in increasing 
acoust ic  s tar t le  [ 1 2 ] .  In te rms of po t ency ,  ps i locybin  was 
a b o u t  2- 4 t imes less p o t e n t  than  DMT in increasing star t le  
but  also somewha t  less p o t e n t  in depressing the response 
[ 12].  This  is incons is ten t  with  hun]an  dala  since ps i locybin  
is general ly regarded to be a more  p o t e n t  ha l luc inogen  than 
DMT in man.  ( ' o m p a r c d  to LSI). ps i locybin  was abou t  50 
t imes less p o t e n t  at increasing start le.  r h i s  is shown  by the 
fact that  a dose of 20 p.g/kg LSD increases start le ampl i tude  
by abou t  25q  from 10 -20  rain af te r  inject ion [ I 2 ] ,  whereas  
a dose of  1.0mg/"kg ps i locybin  p roduced  an cffcct  of  
similar magn i tude  m tile present  s tudy.  Therefore ,  the 
po t ency  rat io of  LSD to ps i locybin  in increasing star t le  is 
the same order  of  magn i tude  as the 65:1 po tency  rat io of  
LSD to ps i locybin  in a l ter ing various psychological  mca- 
su r e s in  man [ 3 1 ] .  

An u n e x p e c t e d  f inding was tha t  even al relatively low 
doses, ps i locybin  suppressed star t le  abou t  30. 50 rnin af te r  
in ject ion.  If low doses of  ps i locybin  act only  by inhib i t ing  
the raphe neurons ,  then  one would not  expec t  to see 
depressive effects  on star t le  al longer  t imes a t t e r  in ject ion.  
Ins tead.  one would s imply expec t  to see a d i m m u n i t i o n ,  or 
pe rhaps  even an increase in tile early exc i t a t ion  as tile drug 
was me tabo l i zed  anti the dose effect ively moved  to the left 
on tile biphasic dose-response  curve. The reasons psi locybin 



43o DAVIS AND W A I . I E R S  

depresses startle at these later t imes is not clear. It is 
interest ing in this regard that psi locybin has also been 
repor ted  to cause an initial increase in general m o l o r  
activity fol lowed by a period of marked m o t o r  inhibi t ion in 
bolh  rats and mice {[61 repor ted  in [ 1] ). 

It has been suggested that  the raphe-serotonin  system 
does nol inhibit the startle circuit direct ly ,  but instead 
inhibits  sys tems which normally media te  the increase or 
sensi t izat ion in startle p roduced  by cond i t ions  such as 
con t inuous  exposure  to background white noice It), 12, 
14]. For example ,  the usual exc i ta tory  effect  of  lov~ doses 
of t,SD on acoustic  startle can be a t t enua ted  by reducing 
lhe level of  background noise in testing [1 21. ( o n v e r s e l y ,  
the depressive effect  of pa rach lo roamphe tamine  (PCA) seen 
short ly  af ter  adminis t ra t ion ,  at a lime when PCA releases 
se ro ton in ,  can also be a t tenua ted  by reducing the level c~t" 
background noise 1141. Ralher  than simply affect ing the 
m o t o r  expression of  starl le,  drugs thought  to alter 5-1tT 
func t ion  appear  to alter the relative saliency of  sur rounding  
envi ronmenta l  condi t ions ,  which in turn alter startle.  It is 
interest ing in this regard that the depressive effect  of  
psi locybin toward the end of the session may have resulted 
from a decrease in the sensi t izat ion which normally is seen 
under  these test condi t ions .  

It is conceivable,  therefore ,  that  even low doses of 
psi locybin depress the firing rates of neurons  pos tsynapt ic  
lo the raphc,  which should serve to inhibit sensi t izat ion.  
However,  this particular drug-receptor  interact ion may lake 
a considerable  lime to c~ccur. A peculiarity of the psiR> 
cybin metabol i te ,  psilocin, is that it does lake an unusttally 
long time to depress both  raphe and pos tsynapt ic  raphe 
neuronal  firing rates relative Io o ther  indole hal lucinogens 
~G. K. Aghajanian, personal communica t ion l .  Ano the r  
possibitily is lhal psi locybin,  af ter  being conver ted  Io 
psilocin, is deme lhy la l ed  1o 4 - h y d r o x y t r y p l a m i n e  in the 
brain I(;. K. Aghajanian. personnel  colnlnul l ical ionl ,  l h i s  
con tpound  does have a potenl  anti unusually long lasling 
depressive effect  oil neurons  pos t synap t ic  I{5 the raphc 
when given via ion tophores i s  [3 i .  and could account  lc)r 
lhe long lasting depressive of fee! of  psih)cybin on slartlc. 

In sunlmary,  the present results provide fur ther  evidence 
that the behavioral effects  of halhicinogenic drugs tire 
critically dependen t  on the eXzlCl dose thai is used. Since 
high vs low doses of indole hal lucinogens ha,,e hinct ional ly  
opposi te  effects  on central serolonil l  syslenls,  ccmclusions 
about  lhe under lying ttlechanisnts which mediate  the 
behavioral effecls  of such drugs are also critically depen-  
devil on tile exact dose used. 
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