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Calc ium and Phosphate  Levels  in Bats  (Myotis lucifugus) as Funct ion of Season  and Act iv i ty  

Calcium and phosphorus  are the  major  inorganic  con- 
s t i t uen t s  of skeletal  tissue, and  are essent ial  to  var ied 
funct ions  of l iving systems.  I t  has  been  known  for some 
t ime  t h a t  a t r ophy  of bony  t issue a t t ends  disuse of skeletal  
par ts .  I n t e r e s t  in minera l  changes  dur ing immobi l i t y  is 
cur ren t ly  strong,  especially in the  fields of m a m m a l i a n  
h ibe rna t ion  and space medicine~. 

Materials and methods. In  the  p resen t  s tudy  a h ibe rna t -  
ing species, Myotis luci[ugus, the  l i t t le  b rown  bat ,  was 
chosen for the  following exper imen t s :  1. animals  in 
h ibe rna t ion  at  3 stages of the  h ibe rna t ing  season and 
ac t ive  sum m er  ba t s  were cap tu red  f rom thei r  na tu ra l  
colonies and  sacrificed for mineral  analysis ;  2. win te r  
ba t s  were kept  at  a high t e m p e r a t u r e  to p r even t  h iberna-  
t ion,  one group allowed to move  freely and  ano the r  group 
severely res t r ic ted  in m o v e m e n t ;  3. s u m m e r  ba t s  were 
d iv ided  into 2 groups and t r ea ted  as in ~. The experi-  
m e n t s  were designed to elucidate  how h ibe rna t ion  affects  
the  bone s ta tus  of h ibe rna t ing  bats,  and  how relat ive 
ac t iv i ty  versus re la t ive inac t iv i ty  influences the  bones of 
win te r  and sum m er  animals  ma in ta ined  under  ident ical  
l abora to ry  condit ions.  

Captzwe and care o/ eyperime.~ztal a~zimals. H i b e r n a t i n g  
ba t s  were ob ta ined  f rom a cave in sou thern  Ind iana ,  and 
were  des ignated  as being in: 1. 'early h ibe rna t ion '  (cap- 
tu red  in November ) ;  2. 'deep h ibe rna t ion '  (captured in 
Feb rua ry ) ;  or 3. ' la te  h iberna t ion '  (captured in April). 
In  the  l abora to ry  t h e y  were housed in a mois t  gauze- 
l ined meta l  con ta iner  and kept  in a cold (8 ~ da rkened  
room unti l  sacrifice. 

Ba t s  des ignated  as 'win te r  free-fl ight '  and 'win te r  re- 
s t r i c ted '  were procured f rom thei r  cave h ibe rnacu lum in 
the  fall. The 'win te r  free-f l ight '  ba ts  were weighed, sexed, 
coded and then  housed  in a screened cage wi th  450 ft  a of 
f lying space;  the cage was buil t  inside a cons t an t  tem-  
pe ra tu re  room ma in ta ined  at  35 ~C (95 ~ wi th  a relat ive 
h u m i d i t y  of app rox ima te ly  20% (Figure). To ensure t h a t  
the  ba ts  got suff icient  food, t hey  were t ra ined  to eat  
mea lworms  (Tenebrio molitor larvae) f rom dishes in indivi-  
dual  cages, and were placed in these cages daily to Iced; 
a f t e rward  the  cages were opened and the  ba ts  were free to 
fly again. W a t e r  was provided  ad l ib i tum in the  individual  
cages and in numerous  dishes on the floor of the  free-fl ight 
room. The 'win ter  res t r ic ted '  ba ts  were housed  in the  same 
room, bu t  their  m o v e m e n t s  were curtai led by keeping t h e m  
in a confined space of 100 in a (Figure inset). The res t r ic ted  
ba t s  also were fed mea lworms  and were given wa te r  ad 
l ib i tum.  

' S u m m e r '  ba t s  were collected f rom an at t ic  colony in 
J u n e  and were sacrificed immedia te ly .  Animals  des ignated  
as ' s u m m e r  free-f l ight '  and ' s ummer  res t r ic ted '  were ob- 
t a ined  f rom the  colony and housed in the  same m a n n e r  as 
the  'win te r  f ree- t l ight '  and 'win ter  res t r ic ted '  groups. 

Af ter  a chronic per iod in the  free-fl ight  room or re- 
s t ra in ing  cage (approx imate ly  60 days),  the  animals  were 
sacrificed by  decap i ta t ion  and blood, bone, urine, and 
fecal samples  were re ta ined  for analysis.  

Analytical methods. Plasma calcium. Most of the  cal- 
c ium of the  blood is in the  plasma.  Therefore,  following 
sacrifice by  decapi ta t ion,  each animal  was exsangu ina ted  
and  the  whole blood p r o m p t l y  d rawn  into ca l ibra ted  

(volume = ~r2h) microhematoc r i t  capi l lary tubes  2 and  
cent r i fuged at  11,500 r p m  for several  min.  The p l a sma  
f rac t ion was processed for rout ine  analysis  by  a tomic  ab- 
sorp t ion  s p e c t r o p h o t o m e t r y  a. P ro t e in  was p rec ip i t a t ed  
wi th  10~ TCA. A working  curve for calcium was g raphed  
by  ord ina t ing  absorbance  of s t an d a rd  calcium solut ions 
w i th  concent ra t ion .  The concen t ra t ion  of calc ium in 
p l a sma  samples  was read f rom the  curve, mul t ip l ied  by  
the  sample  d i lu t ion factor,  and  expressed as mEq/1. 

Bone sample preparation. The bones  suppor t ing  the  
wing m e m b r a n e s  of the  ba t  were ana lyzed  for minera l  con- 
tent .  Muscle and ex t raneous  connect ive  t issues were care- 
fully removed,  and the  bones  were weighed and placed in 
a dry ing  oven overnight .  Af te r  the i r  d ry  weight  was 
de te rmined ,  t h e y  were placed in a crucible, ashed in a 
muff le  furnace,  and  the i r  ash weight  recorded.  

Bone and/ecal  calcium. A known weight  of bone  ash 
was pu t  into solut ion for a tomic  absorp t ion  spec t ropho to -  
metr ic  analysis  using a modi f ica t ion  of the  procedure  de- 
scribed in .//.nalylical B'[clhods a. Quant i f ica t ion was accom- 
plished by  consul t ing  the  s t an d a rd  curve, and was  ex- 
pressed as m E q  calc ium/kg bone ash. A fecal sample  was 
ob ta ined  at  the  t ime  of sacrifice, and was t rea ted  in the  
same man n e r  as the  b~me sample.  

1 D. S. BRt-cE and J. E. WIEBERS, Aerospace Med. *tO, 855 (1969). 
o G. M. GUEST and V. E. StLER, J. Lab. clin. Med. 19, 757 (1934). 
3 A~alytical Methods /or Atomic Absorption Spectrophotometry 

{Perkin-Ehner Corp., Norwalk, Conn. 1966). 
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Plasma, urine, and bone phosphate. T h e  c o n c e n t r a t i o n  
of  i n o r g a n i c  p h o s p h a t e  in  p l a s m a ,  u r i n e  a n d  b o n e  s a m p l e s  
w a s  d e t e r m i n e d  w i t h  a B e c k m a n  M o d e l  I3 p h o t o e l e c t r i c  
s p e c t r o p h o t o m e t e r  a~c a w a v e l e n g t h  of  660 n m ,  u s i n g  a 
m o d i f i c a t i o n  of  t h e  m e t h o d  of  FISKE a n d  SUBBAROW 4. 
Q u a n t i f i c a t i o n  w a s  a c h i e v e d  b y  c o n s t r u c t i n g  a s t a n d a r d  
c u r v e  fo r  p h o s p h a t e  a n d  c o m p a r i n g  a b s o r b a n c e  r e a d i n g s  
o f  t h e  u n k n o w n s  t o  i t .  P l a s m a  a n d  u r i n e  p h o s p h a t e  con -  
c e n t r a t i o n s  w e r e  e x p r e s s e d  as  m E q / 1  a n d  t h a t  of  b o n e  as  
m E q / k g .  

Microscopic examination o/ bone. A s m a l l  s e c t i o n  of  
b o n e  f r o m  t h e  e p i p h y s e a l  e n d  of  t h e  r i g h t  h u m e r u s  o f  e a c h  
b a t  w a s  r e t a i n e d  for  h i s t o l o g i c a l  e x a m i n a t i o n .  F o l l o w i n g  
d e c a l c i f i c a t i o n ,  t h e  s e g m e n t s  w e r e  s e c t i o n e d  a t  7 ~ a n d  
r e g r e s s i v e l y  s t a i n e d  w i t h  h e m a t o x y l i n - e o s i n .  T h e  s e c t i o n s  
we re  e x a m i n e d  m i c r o s c o p i c a l l y  for  o s t e o c l a s t s ,  a n d  t h e  
r e s u l t s  e x p r e s s e d  q u a n t i t a t i v e l y  a s  n u m b e r  o f  o s t e o c l a s t s /  
100 7-ix s e c t i o n s  f r o m  b a t s  o f  a g i v e n  t r e a t m e n t  (e.g. e a r l y  
h i b e r n a t i o n ) .  

Results. T h e  c o n c e n t r a t i o n s  of  i n o r g a n i c  c a l c i u m  a n d  
p h o s p h a t e  d e t e c t e d  in  t h e  p l a s m a ,  b o n e s ,  a n d  e x c r e t a  o f  
M. luci[ugus a r e  s u m m a r i z e d  i n  t h e  T a b l e .  I t  c a n  b e  s e e n  

t h a t  t h e  m i n e r a l  c o n t e n t  o f  b o n e  d e c r e a s e s  as  h i b e r n a t i o n  
p r o g r e s s e s ,  a n d  b e g i n s  t o  r e t u r n  to  h i g h e r  l eve l s  i n  t h e  
s u m m e r  a n i m a l s .  A c o n s i s t e n t  p a t t e r n  of  m i n e r a l  c h a n g e s  
in  p l a s m a  is n o t  e v i d e n t  in  t h e  h i b e r n a t i n g  a n i m a l s ,  
a l t h o u g h  c a l c i u m  l eve l s  a p p e a r  t o  be  h i g h e s t  in  e a r l y  
h i b e r n a t i o n  (see Tab l e ) .  N o  u n i f o r m  e f f ec t s  o n  b o n e  
m i n e r a l  c o n c e n t r a t i o n  a r e  a p p a r e n t  in  f r e e - f l i g h t  a n d  re-  
s t r i c t e d  b a t s .  B o n e  c a l c i u m  c o n c e n t r a t i o n  is h i g h e r  in  
w i n t e r  f r e e - f l i g h t  b a t s  t h a n  in  w i n t e r  r e s t r i c t e d  a n i m a l s ,  
b u t  t h e  r e v e r s e  is  t r u e  for  s u m m e r  f r e e - f l i g h t  a n d  re-  
s t r i c t e d  b a t s .  T h e  p h o s p h a t e  c o n t e n t  o f  b o n e  is g r e a t e r  in  
w i n t e r  f r e e - f l i g h t  b a t s  t h a n  i t  is in  w i n t e r  r e s t r i c t e d  b a t s ,  
b u t  t h e  o p p o s i t e  is t r u e  for  s u m m e r  f r e e - f l i g h t  a n d  s u m m e r  
r e s t r i c t e d  a n i m a l s .  T h e  p l a s m a  p i c t u r e  is c o n s i s t e n t  in  
s h o w i n g  h i g h e r  c o n c e n t r a t i o n s  o f  b o t h  c a l c i u m  a n d  p h o s -  
p h a t e  i n  r e s t r i c t e d  b a t s  as  c o m p a r e d  w i t h  t h e i r  r e s p e c t i v e  
f r e e - f l i g h t  c o u n t e r p a r t s  (see T a b l e ) .  

4 C. H. F1sK~ and Y. SUBBARow, J. biol. Chem. 66, 375 (1925). 

Calcium and phosphate concentrations, and osteoclast counts in Myotis lucilugus as function of season and activity 

Calcium 

Plasma �9 Bone b Feces b 

S.D. t-value ~ S.D. t-value X S.D. t-value 

Early hibernation 12.1 -4- 3.1 22,313 :[: 1429 5908 -t- 1689 
> 3.453 ~ > 3.609 ~ > 1.536 

Deep hibernation 8.5 -4-- 1.5 19,734 -4- 1923 7412 i 2596 
> 0.536 > 3.542 e > 5.197 e 

Late hibernation 8.8 -4- 1.2 16,656 -4- 1964 2774 -4- 1109 
> 2.472 a ~ 1.982 3> 2.798 a 

Summer 7.5 4- 1.1 18,073 -4- 1122 5371 -4- 2719 
Winter free-flight 8.6 -4- 2.4 20,303 -4- 2081 4658 -4- 1931 

> 0.276 > 1.460 > 0.312 
Winter restricted 9.9 -4- 3.7 19,300 -4- 625 4923 • 1853 

Summer free-flight 5.6 • 0.7 18,005 -4- 2447 4472 -4- 1842 
> 2.016 > 1.726 > 1.548 

Summer restricted 6.3 :j: 0.6 19,989 -4- 2688 6000 -4- 2318 

Phosphate 
Osteoclasts e 

Plasma a Boneb Urine ~ No./100 7-~t 
"X S.D. t-value X" S.D. t-value ~X- S.D. t-value sections 

Early hibernation 0.6 -4- 1.4 23,123 -4- 2667 2.6 i 3.3 4 
> 0.065 > 0.902 > 1.270 

Deep hibernation 0.7 4- 1.4 22,246 4- 1768 5,5 :]: 3.3 5 
> 0.007 ~ 2.463 a > 1.578 

Late hibernation 0.7 4- 0.8 20,705 -4- 888 13.3 :k 11.2 9 
> 2.219 ~ 0.977 > 0.632 

Summer 2.5 :k 2.4 21,105 -4- 941 8.7 -4- 6.6 1 
Winter free-flight 1.5 4- 2.3 25,661 -4- 1512 6 .7 :1 :4 .1  3 

> 1.230 2> 3.857 e > 1.282 
Winter restricted 4.5 -4- 7.2 23,547 4- 849 8.5 :t: 4.6 3 

Summer free-flight 6.5 -4- 3.3 20,720 4- 1280 10.1 i 3.7 4 
> 1.441 > 0.013 > 0.385 

Summer restricted 10.2 :): 7.5 20,727 -4- 1261 8.9 -4-4- 9.8 7 

a Values expressed in mEq[l, b Values expressed in mEq/kg.  ~ Count made on proximal epiphysis end of right humerus,  a Significant at 
0.05 ~: to.o5 (18) = 2.101. e Significant at 0.01 Qr to,ol (18) = 2.878. f Significant at  0.01 ~: t0.ol (20) = 2.845. 
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Fecal  calcium is grea ter  in earlier stages of h ibe rna t ion  
t h a n  near  spr ing arousal  (see Table), bu t  re tu rns  to h igher  
levels in summer  bats ,  ref lect ing act ive feeding again by  
the  la t t e r  group. More calcium appears  in the  feces of re- 
s t r ic ted  ba ts  t han  in the  excre ta  of f ree-f l ight  bats .  The 
p h o s p h a t e  concen t ra t ion  of ur ine increases wi th  length  of 
h iberna t ion ,  d ropp ing  to  lower levels in s u m m e r  bats .  
Free- t l ight  ba ts  in win te r  t end  to  excrete  less p h o s p h a t e  
in the i r  urine, according to these  data ,  t h a n  do win te r  
res t r ic ted  ba ts ;  however ,  the  reverse  results  are observed  
in sum m er  l abora to ry  animals .  The Table  p resen t s  t- 
values  for differences be tween  minera l  concen t ra t ions  in 
seasonal  and  l abora to ry  bats .  

An examina t ion  of the  Table  also shows t h a t  the  osteo- 
clast  count  is increased wi th  the  lengthening  of h iberna-  
tion, and re turns  to a low level in summer .  Osteoclasts  are 
more  numerous  in summer  res t r ic ted  ba t s  t h a n  in s u m m e r  
free-f l ight  bats ,  and  appear  to  be equal ly ev iden t  in 
win te r  free-fl ight  and  winter  res t r ic ted  bats .  

Disc.z~ssion. The results  of th is  s tudy  aff i rm t h a t  the  
bones of a h ibe rna t ing  or inac t ive  animal  m a y  be af fec ted  
s ignif icant ly  by  the  lack of m o v e m e n t  of skeletal  m e m b e r s  
and by  the  d imin i shmen t  of muscular  forces which  act  on 
the  bones when the  an imal  is active.  The concen t ra t ion  of 
calcium and p h o s p h a t e  in the  bones  of the  l i t t le b rown ba t  
is lower at  successive stages of h ibe rna t ion  (see Table). 
Some of the  differences are s ta t is t ica l ly  s ignif icant  a t  0.01 
or 0.05 ~. The loss of minera l  f rom bone is ref lected by  in- 
creased losses of phospha t e  in the  urine dur ing h iberna-  
t ion,  and by  the  appea rance  of h igher  a m o u n t s  of fecal 
calcium in deep h iberna t ion .  The fecal calcium pic ture  is 
par t ia l ly  confounded,  however ,  by  the  fact  t h a t  s ignif icant  
amoun t s  of fecal calcium are of d ie ta ry  (i.e. gastro-  
intest inal)  origin. 

Diet  undoub ted ly  influences minera l  loss f rom bone, in 
addi t ion  to immobi l i ty .  The body ' s  store of supplies neces- 
sary  for homeos tas i s  is t apped  dur ing periods of cur ta i led  
feeding, as during h ibe rna t ion ;  however,  me tabo l i sm 
dur ing h ibe rna t ion  is minimal  and great  quant i t i es  of 
energy sources are no t  rap id ly  utilized. Resul ts  of th is  
s tudy  indicate  t h a t  immobi l i ty  may  supersede diet  as a 
causat ive  factor  in bone deminera l iza t ion .  Bone levels of 
calcium and phospha t e  are lower in winter  res t r ic ted ba t s  
t h a n  in win te r  free-fl ight  bats ,  a l though bo th  groups re- 
ceived identical  diets.  Bone p h o s p h a t e  especially seems to 
be affected,  showing a difference be tween  win te r  free- 
f l ight  and winter  res t r ic ted  an imals  t ha t  is s ignif icant  a t  
an e level of 0.01 (Table). Fecal  calcium is also higher  in 
the  winter  res t r ic ted  t h a n  in the  win te r  free-f l ight  group, 
suggest ing greater  calcium losses in the  immobi l ized  
animals  and conf i rming the  resul ts  of bone analyses in the  
2 groups. 

The f indings of the  histological  s tudy  in general  suppor t  
the  biochemical  results.  For  example ,  in the  h ibe rna t ing  
bats ,  as bone minera l  con ten t  diminishes,  the  os teoclas t  
numbe r  increases s teadi ly  (Table). In  the  June  (summer) 
ba t s  bone mineral  concen t ra t ions  are on the  rise, and the  
osteoclast  count  has  fallen off f rom 9/100 sect ions dur ing 
late h iberna t ion  to  1/100 sect ions in the  s u m m e r  animals.  
This  is evidence to s t r eng then  the  view t h a t  os teoclasts  
are fundamen ta l l y  involved in bone  resorpt ion.  

VCheu consider ing the  bone  minerals  in satmmer free- 
f l ight and res t r ic ted  bats ,  some appa ren t  inconsis tencies  
arise. For  example,  bone calcium levels are higher  in the  
res t r ic ted  bats.  Bone p h o s p h a t e  concen t ra t ions  appear  to  
be approx ima te ly  equal  in b o t h  groups. The fact  t h a t  bone  
minerals  in summer  l abora to ry  ba ts  are no t  lower in the  
res t r ic ted  group may  indicate  the  invo lvement  of ano the r  
c o m p o n e n t  of bone resorpt ive  processes, the  endocr ine  
system.  I t  is well es tab l i shed  t h a t  p a r a t h o r m o n e  in- 

f luences bone resorpt ion,  and  GAILLARD'S 5 s tudies  indicate  
t h a t  i t  does so by  s t imu la t ing  osteoclast ic  deve lopmen t  
and  ac t iv i ty .  I~AYSER and FRANK 6 suggest  a re la t ionship  
be tween  osteoporosis  in h ibe rna t ing  E u r o p e a n  h ams t e r s  
and  the  known funct iona l  h y p e r a c t i v i t y  7 of the  para-  
t hy ro ids  in th is  species dur ing  the  m o n t h s  of h iberna t ion .  
I t  is conceivable  t h a t  a s imilar  cycling of ac t iv i ty  occurs 
in the  p a r a t h y r o i d s  of M. luci/ugus, so t h a t  in the  win te r  
m o n t h s  normal  func t iona l  h y p e r a c t i v i t y  of these  glands  
was fu r ther  augmen ted  by  re la t ive  immob i l i t y  of skeletal  
m e m b e r s  in the  res t r ic ted  bats ,  t h e r e b y  leading to a 
grea ter  loss of bone  minera l  in t h a t  group t h a n  in t he  
win te r  free-flight group. The s u m m e r  res t r ic ted  ba t s  m a y  
no t  have  d isplayed the  same bone deminera l i za t ion  be- 
cause of the  recession of p a r a t h y r o i d  ac t iv i ty  following 
arousal  f rom hiberna t ion .  

No overal l  p a t t e r n  is ev iden t  in the  resul ts  of minera l  
analyses  of ba t  p lasma.  I t  does seen] apparen t ,  however,  
t h a t  calcium levels are s o m e w h a t  grea ter  dur ing  h iberna-  
t ion t h a n  dur ing  the  s u m m e r  act ive season (Table). Indi -  
cat ions  are t h a t  there  is also more  p lasma  calcium in 
res t r ic ted  ba t s  t h a n  in those  able to fly and  move  abou t  
freely. These resul ts  are in general  ag reemen t  wi th  those  
ob ta ined  in the  h ibe rna t ing  m a r m o t  8, in t he  hedgehog% 
and in the  h a m s t e r  x0-~2. H i b e r n a t i n g  ba t s  in the  p resen t  
s tudy  display a d i s t inc t  h y p o p h o s p h a t e m i a  (al though 
there  are large s t anda rd  devia t ions  for these  data)  as well 
as hyperca lcemia .  This is fu r the r  evidence t h a t  the  para-  
t hy ro id  glands m a y  be hype rac t ive  dur ing  h iberna t ion ,  
for 2 of the  d is t inc t  clinical man i fes t a t ions  of hype rpa ra -  
t hy ro id i sm are increased p lasma  calcium and  low p lasma  
p h o s p h a t e  la, 14 

Hibe rna t ion  and enforced immobi l i t y  seem to cause 
bone deminera l iza t ion  in ~I. [uci/ugus. F u r t h e r  s tudies  
are indica ted  to de te rmine  the  role of the  endocr ine  
sys t em in deminera l iza t ion  and  the  precise mechan i sms  
involved.  

Zusammen/ass~mg. U n t e r s u ch u n g en  an Labora to r iums-  
F ledermgusen  3lyotis luci/ztgus wXhrend aller Phasen  der  
Winte rsch la f le tharg ie  zeigen, dass  Unbewegl ichke i t  der  
Tiere en t sche idend  auf den Ver lus t  an Knochcnmine ra l i en  
wirkt .  Die Vermehrung  an Osteoklasfen  sowie die Hype r -  
kalzemie und die H y p o p h o s p h a t e m i e  bei  winterschlafen-  
den Flederm/iusen weisen ebenfalls  in R ich fung  der Re-  
sorptionsvorg~tnge im Knochen .  
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