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ZENICK, H. Behavioral and biochemical consequences in methylmercury chloride toxicity. PHARMAC. BIOCHEM. 
BEHAV. 2(6) 709-713, 1974. - The present experiment was designed to assess the developmental period(s) during 
which exposure to methylmercury chloride (MMC) would result in permanent learning deficits in rats. In addition, the 
mercury (Hg) content of the brain at these different stages was measured. Offspring (30 days of age) of mothers 
exposed during gestation and offspring exposed directly to MMC for nine days after weaning exhibited the greatest 
learning deficits on a water escape T maze. These deficits persisted through a retest session 21 days later. Biochemical 
analysis of brain Hg content indicated that Hg need not be present for these learning deficits to occur. 
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A L T H O U G H  the deleterious effects  o f  mercury  (Hg) 
poisoning have become increasingly apparent  in recent  
years, there have been few exper iments  examining the 
effects of  Hg toxic i ty  on behavior.  Armstrong et al. [1 ] 
found changes in the operant  behavior  (mult iple  FR60,  
FI15 schedules of  re inforcement )  of  pigeons exposed to 
high levels (17 mg/m 3) of  Hg vapor. Beliles etal. [2] ,  
employing  the same task, did not  find any decrement  in 
per formance  when the level of  Hg vapor  was reduced to 
threshold l imit  value of  0.1 mg/m 3. 

Beliles etal. [3] found an increase in escape latencies 
and a decrease in avoidance responding in rats exposed to 
high Hg vapor  levels (17 mg/m 3) for 30 days. In addit ion,  
they observed an increase in the severity and durat ion of  
reflexive fighting behavior.  Decrements  in condi t ioned 
responses have been repor ted  in cats [7] and rabbits [5] .  
Salvaterra et al. [9] found a significant decrease in rearings 
in mice receiving 5 and 10 mg/kg me thy lmercu ry  both  at 
one and three hours after  inject ion.  By 72 hours, all groups 
had recovered.  In the only s tudy employing  a complex  
learning task, Hellberg and Nystron [6] found an increased 
react ion t ime on learning set responding in monkeys  
exposed to me thy lmercu ry  for two months.  However,  there 
was no significant difference in error scores when compared  
to control  counterparts .  

While both  inorganic and organic Hg may exert  detri- 
mental  effects, the organic mercurial,  me thy lmercury ,  has 
~he most  devastat ing inf luence on the integri ty of  the 
central nervous system [10] .  Moreover,  data on man and 
rat indicate that  more than 90% of the me thy lmercu ry  

chloride (MMC) entering the body is absorbed, unchanged,  
by the intestine [4] .  For  these reasons, MMC was used in 
the present study. 

There is little evidence available regarding the critical 
developmenta l  periods during which exposure to Hg results 
in behavioral  deficiencies. Spyker et al. [ 11 ] exposed mice 
to me thy lmercury  dicyandiamide (i.p.) on the seventh or  
ninth day of  gestation and observed significantly altered 
behavior in the offspring in an open field apparatus and on 
a swimming task. However,  no assessment has been made of  
the relative toxic i ty  of  Hg exposure during gestat ion,  
nursing, and early postweaning.  

Researchers examining the effects of  Hg on behavior,  
have not  investigated, but rather assumed that the presence 
of  Hg in the brain was responsible for the observed behav- 
ioral decrements.  The present s tudy was designed to assess 
the deve lopment  period(s) during which exposure to MMC 
would result in permanent  learning deficits in the rat. In 
addit ion,  the Hg con ten t  of  the brain at these different  
stages was measured. 

METHOD 

Animals 

The animals were derived from the breeding of  35 
female, Hol tzman  albino rats (Hol tzman,  Madison, Wiscon- 
sin) with males of  the same strain. Vaginal lavages were 
taken to conf i rm the presence of  sperm and the onset  of  
pregnancy. The mothers  were caged individually,  with 
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ad lib food and  water.  At  weaning,  the  offspr ing were ear- 
p u n c h e d  for la ter  i den t i f i ca t ion  and housed  by groups.  

Apparatus 

A water  escape T maze,  cons t ruc t ed  of  galvanized i ron 
and  pa in ted  wi th  a flat  b lack enamel  pa in t  was used. The 
s tem of  the  maze was 86.36 cm long and 15..24 cm wide. 
The  a l leyways were 30.48 cm long and 15.24 cm wide. The  
water  in the  maze was 30.48 cm deep and m a i n t a i n e d  at 
25.5°C. 

Groups and Conditions 

Five p regnan t  rats  were assigned to each group.  Li t ter  
size was man ipu la t ed  at b i r th  to insure  tha t  each m o t h e r  
nursed  8 offspring.  Equal  n u m b e r s  of each sex were 
assigned to the  behaviora l  and b iochemica l  invest igat ions.  

Water  c o n s u m p t i o n  and weight  gains were no t ed  daily 
for  m o t h e r s  and  offspr ing and  averaged weekly for  each rat.  
These weekly averages were used to c o m p u t e  the  a m o u n t  of  
MMC to be added  to the  dr inking  water  to  achieve an 
a p p r o x i m a t e  dosage of  2.5 mg Hg/kg d a i l y  wate r  in take.  
Water  bo t t l e s  were s i tua ted  so t ha t  on ly  the  m o t h e r s  could 
dr ink  dur ing  ges ta t ion  and  nursing.  

Three  deve lopmen ta l  per iods were def ined:  ges ta t ion ,  
nursing,  and  pos tweaning ,  For  the  ges ta t ion  (onse t  of 
p regnancy  to pa r tu r i t i on )  and nurs ing  ( b i r t h  to 21 days)  
intervals,  MMC was admin i s t e red  to the  animals '  mothers ,  
For  the  pos twean ing  interval ,  (21 days of  age to 30 days of 
age) MMC was admin i s te red  direct ly  to the  offspring.  Seven 
groups  of  animals  were used. (Pilot  s tudies  had ind ica ted  
tha t  groups receiving MMC for two  or  more  deve lopmen ta l  
per iods only  dupl ica ted  the  results  ob t a ined  f rom the  
groups emp loyed  in the  present  s tudy . )  Group  G received 
MMC only  dur ing ges ta t ion ;  Group  N received MMC only  
dur ing nurs ing;  and Group  PW received MMC on ly  dur ing  
the  pos twean ing  interval.  Con t ro l  animals  (Group  C) were 
never  exposed  to MMC. Since the  Group  G animals  could 
be exposed to MMC f rom b o t h  ges ta t ion  admin i s t r a t i on  and 
f rom any  residual carryover  to  the  nurs ing  interval ,  two  
cross-fostered groups were used. Group  CFN were bo rn  of  
con t ro l  mo the r s  and nursed  by animals  t ha t  received MMC 
dur ing  the  ges ta t ion  interval .  Group  CFG received MMC 
dur ing  ges ta t ion  and were nursed by  con t ro l  mothe r s .  Thus,  
Group  CFN animals  received only  what  MMC carried over  
f rom ges ta t ion  to nurs ing  while Group  CFG received MMC 
dur ing ges ta t ion  wi th  no  car ryover  to nursing.  Group  S 
served as a s tate  d e p e n d e n t  learning con t ro l  group (see 
procedure) ,  

Procedure 

Ten animals  per  group were e m p l o y e d  in the  learn ing  
task (a male and  female were r a n d o m l y  selected f rom each 
of  the  5 l i t ters  assigned to  each group).  Test ing began at 30 
days of  age, when  MMC admin i s t r a t i on  was t e r m i n a t e d  for 
those  animals  still on  MMC t r e a t m e n t  (e.g. Group  PW). This 
tes t ing  age was set af ter  b iochemica l  analyses ind ica ted  
tha t ,  when  MMC was con t i nuous l y  admin i s t e red  to 21-day 
old rats, Hg reached  an a s y m p t o t i c  level in the  bra in  in 9 
days. 

On each test  trial,  an imals  were placed in the  s tar t  posi- 
t ion  and  al lowed to swim to an escape ramp at the  end of  
the  a rm of  the  T maze. The rats  were placed u n d e r  a warm 
air fan dur ing  the  30 min  inter- t r ia l  interval .  On Day 1 of  

test ing,  3 p re t r a in ing  trials were given wi th  escape ramps  at 
the  ends of  b o t h  maze arms so tha t  the  maze could be 
ex i ted  f rom e i ther  arm. The acquis i t ion  task was given on 
Days 2, 3, 4, and  5. On each of  the  5 daily trials, a single 
escape ramp was placed on  the  non-pre fe r red  side for each 
animal  (i.e., on  the side chosen  one  or fewer  t imes  dur ing  
the  3 p re t ra in ing  trials). A wrong  t u rn  was scored when  the  
an imal  tu rned  in a d i rec t ion  incons i s ten t  wi th  escape. Thus,  
if t he  animal  en te red  the  wrong arm (en t ry  past  forelegs) or 
t u rned  in the  s tem and  headed  back toward  the  s tar t ,  an 
er ror  was scored.  Escape la tency  m e a s u r e m e n t  s ta r ted  when  
b o t h  of  the  an imal ' s  forelegs were past a mark  10.16 cm f rom 
the  s tar t  of  the  maze and s topped  when  the  an imal  t ouched  
the  escape ramp.  

In order  to assess the  du ra t ion  of  t r e a t m e n t  effects,  the  
rats were re tes ted  21 days af te r  the  c o m p l e t i o n  of original  
t raining,  wi th  5 trials a day for 4 days on  the  same task. 
The  retes t  da te  was set a f te r  b iochemica l  analyses ind ica ted  
tha t  b ra in  Hg levels of  30-day old rats  who  had received 
MMC for 9 days, r e tu rned  to basel ine  levels wi th in  21 
days of t e r m i n a t i o n  of  MMC t r e a t m e n t .  At  the  re tes t  
per iod,  10 add i t iona l  con t ro l  rats (Group  S) were run  for 
the  first t ime  on the  p re t ra in ing  and  acquis i t ion  tasks. The i r  
pe r fo rmance  served to assess the  s tate  d e p e n d e n t  effects  of 
MMC [8 ] .  If MMC did p roduce  s ta te  d e p e n d e n t  learning 
t hen  the  pos twean ing  group (PW) tha t  has MMC still 
present  dur ing acquis i t ion  (drugged)  would be expec ted  to 
show lit t le t r ans fe r  of t ra in ing  to the re tes t  when  MMC has 
been  dissipated f rom the  sys tem (non-drugged) .  In the  
absence  of a p e r m a n e n t  effect  of MMC, Group  PW's perfor-  
mance  in re tes t  would be like tha t  of  animals  learning the  
task for  the  first t ime  (Group  S). 

Biochemical Analysis 

Six offspr ing per  group were sacrificed at the end of  
ges ta t ion ,  nursing,  and on  the  pre t ra in ing  day (30  days of  
age). Six add i t iona l  animals  in the  pos twean ing  group were 
sacrif iced on the  first day of  re tes t  (51 days of  age) to 
insure tha t  there  were no  de tec tab le  a m o u n t s  of  Hg in the  
brains.  The  rats  were decap i ta ted ,  and  the  bra in  mass lying 
pos te r io r  to the  o l fac tory  lobes and an t e r io r  to  the  first 
cervical ver tebra  was excised wi th in  25 sec. All samples  
were weighed and t hen  f rozen dry unt i l  analyzed.  

For  the  analysis,  the  brains  were first digested by reflux- 
ing for 2 hr  in a so lu t ion  composed  of  7.5 ml of 98% 
sulfuric acid, 7.5 ml o f  70% ni t r ic  acid and 15 mt of  
disti l led water.  At  the  end of digest ion,  5% po tass ium 
p e r m a n g a n a t e  was added to oxidize the  Hg to mercur ic  
ions. The so lu t ion  was h e a t e d  in a water  ba th  for  20 min  at 
55°C. Five ml of  1.5% h y d r o x y l a m i n e  h y d r o c h l o r i d e  were 
added to remove any excess pe rmangana te ,  fo l lowed by the  
add i t i on  of  5 ml of  10% s t annous  chlor ide  to reduce  the  
Hg to  metal l ic  form.  An aera tor  was inser ted  in to  the  
solut ion,  the  bo t t l e  s toppered ,  the  Hg vapor ized,  and 
ci rculated in the  analyzer  system. Measuremen t  (%T) was 
made  wi th  a Coleman MAS-50 flameless a tomic  abso rp t ion  
s p e c t r o p h o t o m e t e r .  

RESULTS AND DISCUSSION 

Water  c o n s u m p t i o n  and weight  and  weight  gains did 
no t  differ  among  mo the r s  or a m o n g  the i r  offspr ing,  
suggest ing no  deb i l i t a t ion  a t t r i b u t a b l e  to these  factors.  
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TABLE 1 

F VALUES FOR ESCAPE LATENCY AND ERROR DATA DURING PRETRAIN1NG, 
ACQUISITION AND RETEST 
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Pretraining Acquisition Retest 

Escape Escape Escape 
df Latency Errors Latency Errors Latency 

Groups (G) 5 F< 1 24.35 * 17.70* 46.64 * 54.40* 

Days (D) 3 46.32* 46.31 * 66.61 * 111.35* 

G X D 15 1.23 1.15 1.24 1.46 

*p~<0.001 

Behavior 

The major findings from analyses for pretraining, acqui- 
sition, and retest are summarized in Table 1. There were no 
significant differences in escape latencies among groups on 
the pretraining trials, indicating no differences in swimming 
ability among the rats. 

The experimental design conformed to a 4 (days) X 6 
(groups) repeated measures analysis of variance. On the 
acquisition task, significantly poorer performances in terms 
c,f both errors and escape latencies (p~<0.001) were 
observed in groups receiving treatment during either gesta- 
tion (Groups G, CFG) or during the 9 day postweaning 
period (Group PW). This trend (p~<0.001) continued 
t]arough the retest session suggesting a permanent learning 
deficit. Groups C, N, and CFN did not differ from each 
other in either errors or latencies during acquisition or 
retest. Since error and latency data parallel one another, 
only error data is presented in Fig. 1. Since Groups C and 
CFN do not differ and Groups G and CFG do not differ, 
tile potential carryover from gestation to nursing appears to 
be of little importance. 

The state dependent control group's (Group S) perfor- 
mance on the retest session mirrored that of the control 
(Group C) during the acquisition task. Furthermore, Group 
S:s performance on Days 1, 2, and 4 of the retest session 
was significantly better (p~<0.05 for errors and escape 
latency) than the postweaning group (Group PW). Thus the 
deficit shown by Group PW during retest probably does not 
reflect a state dependent transfer failure. 

When all scores were collapsed across days, there was a 
significant day to day improvement in learning during 
acquisition and retest (p~0.01 for errors and escape laten- 
cies). Comparisons of  day to day performance (Least 
squares difference [ 14] ) revealed a significant improvement 
each day (p~<0.01 for errors and escape latencies) during 
acquisition and retest. The group × day interaction was not 
significant, indicating a similar rate of  learning across 
groups. Thus the gestation and postweaning groups' poorer 
performances may be attributed in part to their inability to 
overcome initial learning deficits. 

Differences in memory capabilities could have also 
contributed to the observed deficiency. This difference 
would best be reflected by the degree of savings between 
groups that occurred in the 21 day interim prior to retest. 

This hypothesis was tested by running a 2 (days) X 6 
(groups) repeated measures ANOVA comparing the errors 
on Day 4 acquisition, trial 5 vs. errors on Day 1 retest, 
trial 1. All groups made significantly fewer errors (p~<0.01, 
df  = 5, F = 11.72) on Day 4 acquisition than Day 1 retest, 
with the same performance hierarchy across groups existing 
as that present in acquisition and retest (C, N, and CFN 
better than PW better than G and CFG). There was also a 
significant day X group interaction (dr = 5, F = 4.67, 
p<0.01) with Groups C, N, and CFN showing significantly 
greater savings than Group PW which was in turn better 
than Groups G and CFG (Method of Least Squares Differ- 
ence). These means and differences are reported in Table 2. 
Thus differences in memory capability also contributed to 
the learning deficits in Groups G, N, and CFG. Poor 
transfer of training may, in fact, account for performance 
differences on Day 1 acquisition if Groups G, PW, and CFG 
fail to transfer the pretraining experience as completely as 
Groups C, N, and CFN. 

Biochemistry 

Results of biochemical analyses are summarized in 
Table 3. The highest amount of Hg recovered was in off- 
springs sacrificed at birth, whose mothers received MMC 
during gestation. This finding confirms the reports of 
Suzuki etal. [12] and Tejning [13] that Hg crosses the 
placental barrier. 

Group PW (exposed to MMC for 9 days prior to 
testing) was the only group with detectable amounts of 
in the brain at the time of testing (3.9 ~g Hg/gm brain 
weight). The amount recovered in Group PW agrees favor- 
ably with the asymptote disclosed by pilot work (4.1 /~g 
Hg/gm brain weight). No group had detectable amounts of 
Hg in the brain at the time of retest. This finding suggests 
that the permanent learning deficits exhibited by Groups G, 
PW, and CFG resulted from structural/functional damage 
enacted during earlier periods of exposure to MMC rather 
than to the actual presence of Hg. This is further reflected 
by Group S's better performance than either Groups G, PW, 
or CFG during retest. 

The amount of Hg in the brain of rats exposed during 
nursing (Group N - 0.255 /~g; Group CFN - 0/~g) was not 
significantly different from the control Group C. It may be 



712 Z E N I C K  

o 
t._ 

LU 

Q 
G )  

O. 

0 L_ 
CO 

5 

4 

3 

2 
C • 

@ 

PW 

S 

c 

C 

' I I I 

I 2 3 4 
Test Days 

I i I i 

I 2 3 4 
Retest Days 

FIG. 1. Group mean errors for daily test-retest sessions. 

T A B L E  2 

GROUP MEAN ERROR FOR DAY 4 ACQUISITION, TRIAL 5, 
VS DAY 1 RETEST, TRIAL 1 

Day 4 Acquisi t ion Day 1 Retest  
Group Trial 5 Trial 1 Savings* 

G 1.1 5.7 = -4 .6  

N 0.5 1.7 = - 1 . 2  

PW 1.0 4.0 = - 3 . 0  

C 0.3 2.9 -2 .6 

CFN 0.5 2.6 = -2 .1  

CFG 1.4 5.7 = - 4 . 3  

*A difference of 1.12 between group savings score is signifi- 
cant p<0 .05  (Method of Least Squares Difference). 
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TABLE 3 

MERCURY IN THE BRAIN (~g/gm BRAIN WEIGHT) AT THE END OF EACH DEVELOP- 
MENTAL PERIOD 

Developmental Period 

Gestation Nursing Pretraining 
Group Amount Recovered Amount Recovered Amount Recovered 

G 7.07 0.4939 0 

N 0 0.2551 0 

PW 0 0 3.9 

C 0 0 0 

CFN 0 0 0 

CFG 6.26 0.352 0 

that  there is very little MMC in the m o t h e r ' s  milk, or the Hg 
may exist in a form which canno t  readily cross the off- 
spring's  b lood  brain barrier. In e i ther  case, exposure  during 
nursing was not  suff ic ient  to create any learning defici ts  in 
Groups  N or CFN. 

Al though  the dosage, rou te  of  adminis t ra t ion ,  task, etc. 
employed  in this s tudy  do not  mirror  o the r  research in this 
area some of  the results are comparable .  The behavioral  and 

biochemical  data  indicate  that  MMC-treated groups (G, PW, 
and CFG) differ  f rom non t r ea t ed  groups (C, CFN) and tha t  
the nursing only animals o f  Group N cannot  be distin- 
gu i shed  f rom the non t r ea t ed  groups. The behavioral 
impa i rmen t  is pe rmanen t ;  especially p o t en t  in animals 
whose mothe r s  were t rea ted  during gestat ion [1 1], and 
persists in the absence of  de tec table  levels o f  mercury  in the  
brain. 
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