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    Chapter 2   

 Assessment of Diabetic Nephropathy in the Akita Mouse       

     Jae-Hyung   Chang    and    Susan   B.   Gurley         

  Abstract 

 Akita mice have type 1 diabetes mellitus caused by a spontaneous point mutation in the  Ins2  gene which 
leads to misfolding of insulin, resulting in pancreatic  b -cell failure. Akita mice develop pronounced and 
sustained hyperglycemia, high levels of albuminuria, and consistent histopathological changes, suggesting 
that these mice may be suitable as an experimental platform for modeling diabetic nephropathy. One key 
feature of diabetic kidney disease in Akita mice is that the severity of renal injury is signi fi cantly in fl uenced 
by genetic background. In this chapter, we describe the Akita model and present some of the experimental 
studies utilizing Akita mice as a model of type 1 diabetes. For example, de fi ciency in bradykinin receptors, 
endothelial nitric oxide synthase, or angiotensin-converting enzyme 2 leads to development of functionally 
and structurally more advanced diabetic nephropathy in these mice, while ketogenic diet has been shown 
to reverse kidney injury associated with diabetes. This chapter also describes the application of 24-h urine 
collections from mice for careful measurement of urinary albumin excretion.  

  Key words:   Mouse model of type I diabetes ,  Diabetic nephropathy ,  Genetic susceptibility ,  Albuminuria , 
 Glomerular  fi ltration rate ,  Bradykinin receptor ,  Endothelial nitric oxide synthase ,  Angiotensin-
converting enzyme 2 ,  Ketogenic diet ,  Mouse metabolic cage ,  24-h urine collection    

 

 Diabetes mellitus is a serious public health problem with incidence 
reaching epidemic proportions in developed countries  (  1,   2  ) . 
Among its complications, diabetic nephropathy (DN) is a leading 
cause of chronic kidney failure and end-stage renal disease (ESRD) 
worldwide  (  1–  3  ) . DN is characterized by microalbuminuria as the 
earliest detectable sign of glomerular injury followed by the 
development of macroalbuminuria and a progressive decline in 
glomerular  fi ltration rate (GFR)  (  4  ) . Histopathological hallmarks 
of the disease are glomerular mesangial matrix expansion, nodular 
glomerulosclerosis, and tubulointerstitial  fi brosis  (  5  ) . Consequently, 
much effort has been devoted to understanding disease mechanisms 

  1.  Introduction: 
The Akita Mouse 
as an Experimental 
Model of Diabetic 
Nephropathy
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in DN with the goal of developing new treatment strategies for 
this devastating disorder. In this regard, mouse models of diabetes 
mellitus are useful for studying both pathogenesis and treatment of 
kidney disease, in particular because of the potential for genetic 
manipulation of the mouse genome  (  6  ) . However, while signi fi cant 
progress has been made in the past few years, current mouse 
models still do not display the full spectrum of functional and 
pathological characteristics of human DN  (  6,   7  ) . 

 The Akita mouse, which is a recently described genetic model 
of type 1 diabetes mellitus, shows promise in this regard  (  6,   8,   9  ) . 
Akita mice harbor an autosomal dominant, spontaneous point 
mutation which was originally identi fi ed in a colony of C57BL/6 
mice in Akita, Japan  (  10  ) . This mutation introduces a Cys to Tyr 
substitution at the seventh amino acid in the A chain of mature 
insulin ( Ins2   C96Y  ) and leads to a disruption of an intramolecular 
disul fi de bond  (  11  ) . This causes improper folding of the insulin 
protein resulting in selective proteotoxicity to the pancreatic  b -cell 
 (  6,   11  ) . Subsequently, islets from Akita mice are depleted of  b -cells, 
and those remaining  b -cells release very little mature insulin  (  11  ) . 
While homozygosity for the mutation leads to perinatal lethality, 
mice heterozygous for the Akita mutation are viable and fertile, and 
develop spontaneous hyperglycemia around 3–4 weeks of age. 

 One clear  fi nding from studies of Akita mice is that the renal 
phenotype of these mice is signi fi cantly in fl uenced by their genetic 
background  (  6,   8,   9  ) . The heterogeneity of disease severity across 
different strains suggests that genetic determinants might modulate 
susceptibility to kidney injury from diabetes in Akita mice as it has 
been previously shown to affect susceptibility to DN in humans 
 (  12  ) . Thus far, a number of Akita mice on different inbred genetic 
background have been created and characterized, and studies using 
these mice have been performed to better understand pathogenic 
mechanisms of DN as well as to evaluate novel treatment strategies 
 (  8,   9  ) . Table  1  provides a comparison of the DN-related features 
exhibited by these mouse models. In this chapter we present the key 
features of several experimental studies in DN that have been con-
ducted using Akita mice as a model of kidney injury associated with 
type 1 diabetes mellitus and describe in detail our current protocol 
for 24-h urine collection in mice for urine albumin measurements, 
an important component of the renal phenotyping process.  

  STZ has been used widely to induce type 1 diabetes in rodents 
 (  6,   9,   13  ) . Streptozotocin (STZ) causes diabetes in animals sec-
ondary to pancreatic  b -cell failure, however, it may be toxic to a 
variety of other tissues which complicates interpretation of results 
 (  6  )  and also requires administration of a drug to animals. To inves-
tigate potential differences in the character of kidney injury between 
chemical and genetic models of type 1 diabetes, we compared 
C57BL/6 mice treated with STZ with C57BL/6 Akita mice  (  9  ) . 

  1.1.   Ins2 -Akita 
Mutation Versus 
Streptozotocin-
Induced Diabetes 
in Mice
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   Table 1 
  Summary of selected Akita mouse models used in diabetic nephropathy research   

 Mouse 
strains 

 Blood 
pressure 

 Blood 
glucose  Albuminuria a  

 Glomerular 
 fi ltration rate  Renal structure 

 Primary 
references 

 C57BL/6  ↑  ↑  1+  ↑  Mesangial expansion 
(mild) 

  (  8,   9  )  

 129/SvEv  ↑  ↑  3+  ↑  Mesangial expansion 
(mild) 

  (  8  )  

 DBA/2  =  ↑  7+  Not reported  Unchanged   (  8  )  

 FVB/NJ  ↑  ↑  10+  ↑  Mesangial expansion 
(mild-to-moderate) 

 (Chang J. H. 
et al. 
unpublished) 

 F1(D2:B6)  ↑  ↑  5+  ↑  Mesangial expansion 
(mild) 

  (  8  )  

    a  Albuminuria scale 1 +  » 50  m g/day  

Throughout the study period, male Akita mice developed hyperg-
lycemia that was more pronounced and durable than that observed 
in the STZ model (518 ± 25 vs. 388 ± 50 mg/dL at 6 months of 
age). Male C57BL/6 Akita mice also developed mild hypertension 
and decrease in heart rates compared to their nondiabetic controls 
while C57BL/6 mice treated with STZ tended to have reduced 
BPs. Moreover, male Akita mice on C57BL/6 background devel-
oped more severe albuminuria, mesangial expansion, and renal and 
glomerular hypertrophy than the male mice with STZ-induced 
diabetes. These studies comparing both models on the same genetic 
background suggest that the Akita model offers advantages over 
chemical models of diabetes and thus, it may provide a better 
experimental platform for DN model development.  

  In humans with diabetes, it is well established that there is a clear-
cut genetic susceptibility to the development of kidney injury  (  12  ) . 
Genetic background may also in fl uence the development of dia-
betic renal complications in mice  (  8,   9,   13  ) . In this regard, studies 
in mice with STZ-induced diabetes provided evidence for differen-
tial susceptibility to kidney injury among genetically distinct mouse 
lines  (  9,   13  ) . To further test this hypothesis using the Akita model, 
we recently characterized renal manifestations of diabetes in several 
inbred strains of Akita mice (C57BL/6- Ins2   C96Y/+  , DBA/2-
 Ins2   C96Y/+  , and 129SvEv- Ins2   C96Y/+  )  (  8  ) . Male Akita mice on all 
three backgrounds developed marked and equivalent hyperglyce-
mia compared with their respective wild-type controls. The marked 
levels of hyperglycemia were sustained through the 6-month 
study period. However, despite similar levels of hyperglycemia, 
there were signi fi cant differences in the magnitude of albuminuria 

  1.2.  Impact of Genetic 
Background on 
Diabetic Kidney Injury 
in Akita Mice
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among the three Akita strains at 6 months of age. While the absolute 
level of urinary albumin excretion was highest in the DBA/2-
 Ins2   C96Y/+   group (345 ± 110  m g/day), it was lowest in the C57BL/6-
 Ins2   C96Y/+   mice (40 ± 3  m g/day), and intermediate in the 
129SvEv- Ins2   C96Y/+   group (151 ± 77  m g/day). Compared with their 
respective nondiabetic controls, there was a  fi vefold increase in 
urinary albumin excretion in the 129SvEv- Ins2   C96Y/+   animals 
(151 ± 77  m g/day (Akita) vs. 33 ± 20  m g/day (control);  P  = 0.03), 
threefold increase in the DBA/2- Ins2   C96Y/+   group (345 ± 110  m g/day 
(Akita) vs. 116 ± 27  m g/day (control);  P  = 0.048), and 2.8-fold 
increase in the C57BL/6- Ins2   C96Y/+   mice (40 ± 3  m g/day (Akita) vs. 
14 ± 2  m g/day (control);  P  < 0.0001). Similarly, estimated GFR was 
signi fi cantly higher in the 129SvEv- Ins2   C96Y/+   mice compared to 
the C57BL/6- Ins2   C96Y/+   group at 6 months of age (24.5 ± 1.9  m L/
min/g body weight vs. 16.0 ± 1.3  m L/min/g body weight; 
 P  = 0.0004). At this point in the disease process, increased GFR 
represents hyper fi ltration. Examination of the kidneys by light 
microscopy revealed modest mesangial matrix expansion of similar 
severity in diabetic 129SvEv and C57BL/6 mice compared to their 
respective nondiabetic controls (2- to 2.5-fold increase in mesangial 
score) with preservation of normal morphology in the tubular and 
interstitial regions. 

 To assess the heritability of strain-speci fi c modi fi ers affecting 
susceptibility to kidney injury associated with diabetes in Akita 
mice, we extended these studies to include a cohort of F1 inter-
cross mice between the two strains, C57BL/6 and DBA/2  (  8  ) , 
with C57BL/6 being a strain resistant to developing DN and 
DBA/2 as a susceptible strain. These F1(DBA/2 × C57BL/6) 
Ins2   C96Y/+   animals developed robust and sustained hyperglycemia 
similar to the other strains examined in our study. Interestingly, 
however, the extent of albuminuria in the F1- Ins2   C96Y/+   mice was 
equivalent to the parental DBA/2- Ins2   C96Y/+   line (240 ± 54  m g/day 
vs. 345 ± 110  m g/day;  P  = NS) while that of mesangial pathology 
was very similar to that seen in the parental C57BL/6- Ins2   C96Y/+   
line. These studies suggest that there is a dominant pattern of sus-
ceptibility alleles for albuminuria from the DBA/2 strain. In a 
separate set of experiments, we determined the functional and 
structural characteristics of kidney disease in FVB/NJ Akita mice. 
In this study, male FVB/NJ Akita mice developed sustained hyper-
glycemia and albuminuria by 4 and 8 weeks of age, respectively. By 
20 weeks of age, diabetic animals developed a tenfold increase in 
albuminuria (480 ± 73  m g/day (Akita) vs. 40 ± 7  m g/day (control); 
 P  < 0.0001) as well as renal and glomerular hypertrophy. Levels of 
albuminuria in FVB/NJ Akita mice suggest a moderate to severe 
susceptibility to renal injury resulting from type 1 diabetes, with 
24-h urinary albumin excretion values being greater than the 
strains reported by Gurley and coworkers  (  8,   9  ) . Mild-to-moderate 
glomerular mesangial expansion was also observed in FVB/NJ 
Akita mice at 30 weeks of age (Chang J.H. et al., unpublished 
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observation). Therefore, FVB/NJ Akita mice develop signi fi cant 
renal injury that may make this strain suitable for disease modeling. 

 Together, these  fi ndings provide evidence for strong genetic 
modi fi ers in fl uencing kidney phenotypes associated with diabetes, 
such as albuminuria and mesangial pathology. Identi fi cation of 
these naturally occurring genetic modi fi ers among different genetic 
backgrounds may allow mapping of speci fi c gene variants which 
can accelerate kidney injury associated with diabetes. Moreover, 
they are important considerations when selecting a model of type 
1 diabetes.  

  Below are some examples of studies where the  Ins2   C96Y/+   mutation 
is used to induce type 1 diabetes in mice, illustrating the utility for 
disease modeling with Akita mice. 

  Accumulating evidence suggests that kallikrein-kinin system (KKS) 
plays a key role in the pathogenesis of diabetic kidney disease 
 (  14–  16  ) . In this regard, the deletion (D) allele of the common 
insertion/deletion (I/D) polymorphism of the angiotensin-
converting enzyme (ACE) gen in humans is associated with higher 
serum levels of ACE  (  17  )  with resultant-enhanced inactivation of 
bradykinin  (  14  )  and increased risk for type 1 DN. Additionally, 
ACE inhibitors have well-documented bene fi cial effects on dia-
betic kidney injury that are beyond those attributable to changes in 
BP  (  18,   19  ) . One possibility to explain these  fi ndings is that brady-
kinin may partly mediate the renoprotective effects of ACE inhibi-
tors  (  14,   16  ) . In mammals, two receptors for bradykinin have been 
identi fi ed: B1R and B2R  (  14  ) . While B2R is constitutively expressed 
in most tissues, B1R is expressed minimally under normal circum-
stances, but is induced by lipopolysaccharide (LPS) in kidney  (  14  ) , 
diabetes in heart  (  20  ) , in fl ammation in endothelial cells,  fi broblasts, 
urothelial cells and sensory neurons  (  21–  23  ) , and in the absence of 
B2R in kidney and heart  (  24  ) . In their studies, Kakoki and cowork-
ers investigated the role of both bradykinin receptors in the devel-
opment of DN using Akita mice on C57BL/6 background  (  15, 
  16  ) . By 6 months of age, diabetic Akita mice lacking the B2R 
developed more severe kidney pathology than their diabetic lit-
termates expressing B2R. BR knockout-Akita mice exhibited a 
fourfold increase in albuminuria, severe renal hypertrophy and 
mesangial sclerosis that closely resembles glomerular changes seen 
in humans with diabetic glomerulosclerosis. At 12 months of age, 
all of the renal diabetic phenotypes observed in Akita mice, includ-
ing albuminuria, glomerulosclerosis, interstitial  fi brosis, glomeru-
lar basement membrane (GBM) thickening, mitochondrial DNA 
deletions, and renal expression of  fi brogenic genes (transforming 
growth factor (TGF)- b 1, connective tissue growth factor, 
 endothelin-1) were enhanced by lack of both B1R and B2R. 
Interestingly, diabetic Akita mice lacking both bradykinin receptors 
had more severe kidney injury than Akita mice lacking only B2R 

  1.3.  Akita Mice as Type 
1 Diabetes Models

  1.3.1.  Bradykinin B1 and 
B2 Receptor De fi ciency 
in Akita Mice
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suggesting that expression of B1R may have bene fi cial effects in 
DN in the absence of constitutively expressed B2R. These results 
demonstrate the critical role of the bradykinin system in protecting 
kidney from damage caused by diabetes mellitus, and provide a 
clear example in how the Akita model can be used effectively to 
study the pathomechanisms of diabetic kidney injury in mice.  

  Endothelial dysfunction and damage are prevalent in patients with 
diabetes mellitus and contribute to the development of DN  (  25  ) . 
Nitric oxide (NO) is a vasodilator that can modulate permeability 
in the vasculature  (  26  ) , and besides its potency to control vascular 
tone and therefore BP, NO also inhibits platelet aggregation and 
smooth muscle cell proliferation. There are three different isoforms 
of nitric oxide synthase (NOS): endothelial, neuronal, and inducible 
 (  27  ) . In endothelial cells, endothelial nitric oxide synthase (eNOS) 
is expressed constitutively and produces endothelial cell-derived 
NO  (  27  ) . In humans, vascular eNOS activity can be altered in dia-
betes, and three functionally signi fi cant polymorphisms in the 
eNOS gene,  NOS3,  have been shown to lead to a decreased pro-
duction of NO and are associated with the development of advanced 
DN in both patients with type 1 and type 2 diabetes  (  28–  31  ) . To 
better understand the role of eNOS-derived NO in the pathogenesis 
of DN, Wang and coworkers generated C57BL/6  eNOS   −/−   Ins2   C96Y/+   
as a mouse model of type 1 diabetes with de fi cient eNOS activity 
 (  31  ) . These diabetic mice, however, died by the age of 5 months 
before development of DN. Therefore,  eNOS   −/−   Ins2   C96Y/+   and 
 eNOS   +/−   Ins2   C96Y/+   mice that are F1 between C57BL/6 and 129S6/
SvEvTac were created, which were as genetically uniform as inbred 
mice but lacked the detrimental recessive mutations that affected 
the survival of their parents. Compared with Akita mice having 
fully intact  eNOS  expression,  eNOS   −/−   Akita and  eNOS   +/−   Akita mice 
developed 2.5-fold higher urinary albumin excretion at both 3 and 
7 months of age. The GFR in diabetic mice was increased by both 
reduction ( eNOS   +/−  ) and absence ( eNOS   −/−  ) of eNOS at 3 months 
of age. Morphometric analysis revealed that mesangial expansion, 
glomerulosclerosis, and GBM thickening were progressively worse 
in diabetic Akita mice in the order:  eNOS   +/+   Akita < eNOS   +/−   Akita 
< eNOS   −/−   Akita, and these changes were independent from BP. 
Finally, along with exacerbation of DN, loss of eNOS in diabetic 
Akita mice increased renal  fi brin deposition, and expression of 
in fl ammatory and  fi brinogenic factors including tumor necrosis 
factor (TNF), interleukin (IL)-6, monocyte chemotactic protein 1 
(MCP1), intercellular adhesion molecule 1 (ICAM1), vascular cell 
adhesion molecule 1 (VCAM1), and TGF- b . In summary, eNOS 
de fi ciency in Akita mice accelerated the renal injury associated with 
diabetes and provided insight into molecular pathways involved in 
the development of DN.  

  1.3.2.  Endothelial Nitric 
Oxide Synthase De fi ciency 
in Akita Mice
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  Activation of renin–angiotensin system (RAS) with subsequent 
generation of angiotensin II (ANGII) holds an important role in 
the pathogenesis of kidney injury associated with diabetes  (  18  ) . 
Blockade of the RAS has been shown to ameliorate the develop-
ment of DN  (  18,   19  ) . Angiotensin-converting enzyme 2 (ACE2) 
is a homologue of classical ACE that is also membrane-bound, but 
is a monocarboxypeptidase that generates ANG from the deca-
peptide ANGI and from the octapeptide ANGII  (  32,   33  ) . As such, 
ACE2 represents an endogenous negative regulator of the RAS by 
degrading the vasoconstrictor ANGII while producing the vasodi-
lator ANG-(1–7). In this regards, early increases in ACE2 mRNA 
levels, protein expression  (  34  ) , and ACE2 activity have been 
reported in animal models of diabetes  (  33  ) , whereas ACE2 mRNA 
and protein levels were decreased in older experimentally induced 
diabetic rats  (  32  ) . In humans with type 2 diabetes, glomerular and 
tubular ACE2 expressions are reduced while ACE expression is 
increased  (  35,   36  ) . Together, these data suggest a protective role 
for ACE2 in the early stage of DN. To test this hypothesis, Wong 
and coworkers recently studied the effect of deletion of the  Ace2  
gene ( Ace2   −/y  ) on DN in Akita mice  (  37  ) . They generated  Ace2   −/

y   Ins2   C96Y/+   by crossing ACE2 knockout mice with Akita mice. At 3 
months of age, the absence of ACE2 led to a twofold increase in 
urinary albumin excretion in  Ace2   −/y   Ins2   C96Y/+   mice compared with 
Akita mice with  Ace2  gene intact despite similar blood glucose lev-
els. Histomorphometric analysis of the kidneys of mice at 3 months 
of age revealed increased glomerular volume, mesangial matrix 
expansion, and GBM thickening accompanied by increased glom-
erular expression of  fi bronectin and  a -smooth muscle actin as 
markers of glomerular injury. Although ANGII level was not 
increased in kidneys of diabetic  Ace2   −/y   Ins2   C96Y/+   mice, treatment 
with an angiotensin type 1 (AT1) receptor blocker (ARB) reduced 
urinary albumin excretion rate in these diabetic animals. In a study 
by Oudit and coworkers, treatment of Akita mice for 4 weeks with 
human recombinant ACE2 (hrACE2) increased plasma ACE2 
activity, reduced urinary albumin excretion, and decreased glom-
erular volume, mesangial matrix expansion, and GBM thickness 
 (  38  ) . Treatment with hrACE2 also lowered ANGII levels in renal 
cortex, and reduced ANGII-induced oxidative stress and NADPH 
oxidase activity  (  38  ) . Taken together, these  fi ndings in diabetic 
Akita mice suggest that ACE2 plays a protective role in the diabetic 
kidney as a negative regulator of RAS and again demonstrate the 
utility of the Akita model.  

  Increasing evidence suggests that the ketogenic diet may prevent 
and even reverse kidney pathologies associated with diabetes 
 (  39–  41  ) . In this regard, chronic caloric restriction and ketogenic 
diet reroute cellular metabolism away from glucose utilization 
and toward the use of alternative fuels, including the ketone 

  1.3.3.  Angiotensin-
Converting Enzyme 2 
De fi ciency in Akita Mice

  1.3.4.  Reversal of Kidney 
Injury by a Ketogenic Diet 
in Akita Mice
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3-beta-hydroxybutyric acid (3-OHB)  (  39,   42  ) . Prolonged elevation 
of 3-OHB, on the other hand, has been recently shown to reduce 
molecular response to glucose metabolism  (  43  )  and may ultimately 
lead to the reversal of diabetic kidney pathology  (  39  ) . To address 
this hypothesis, Poplawski and coworkers examined if a ketogenic 
diet can reverse DN in C57BL/6 Akita mice  (  39  ) . After the devel-
opment of DN had been con fi rmed in the Akita mice at 20 weeks 
of age by the presence of tenfold increase in albuminuria, half of 
the Akita mice and half of the nondiabetic controls were placed on 
a ketogenic diet while the remaining animals were maintained on a 
standard high-carbohydrate diet. Ketogenic diet increased blood 
3-OHB level, and after 2 months on the diet, both blood glucose 
level as well as urinary albumin excretion was completely normalized 
in diabetic Akita mice without insulin treatment. Ketogenic diet also 
normalized expression of kidney genes induced by oxidative and 
other forms of stress associated with diabetes in Akita mice. 
Interestingly, however, histological pathology such as glomerular 
sclerosis was only partially reversed by the dietary intervention in 
diabetic animals suggesting that reversal of functional and molecu-
lar markers of DN occur more rapidly than reversal of histological 
aspects of DN. These studies demonstrate that DN can potentially 
be altered in Akita mice by therapies such as prolonged mainte-
nance on a ketogenic diet. The mechanism by which the simple 
dietary intervention reverses kidney injury associated with this 
model of type 1 diabetes, however, remains to be determined.   

  Signi fi cant progress has been made during the past decade toward 
development of better mouse models of DN, which has helped to 
advance our understanding of the pathogenesis of diabetic kidney 
injury in humans  (  6,   7  ) . In this regard, the Akita model appears to 
be quite promising. These mice develop sustained and robust 
hyperglycemia as a result of a spontaneous mutation in the  Ins2  
gene accompanied by enhanced levels of albuminuria and consistent 
mesangial pathology  (  6,   8,   9  ) . Similar to humans, these phenotypic 
features are signi fi cantly in fl uenced by genetic background  (  8  ) . 
Moreover, Akita mice also develop hypertension, cardiac hypertro-
phy, and echocardiographic evidence of heart failure which are 
complications commonly associated with diabetes mellitus in 
humans  (  44  ) . Finally, Akita mice are commercially available, and 
the  Ins2   +/C96Y   mutation can be easily intercrossed on other trans-
genic mouse lines to facilitate model development. As described in 
this chapter, these features of the Akita model may provide an ideal 
experimental platform for studying the mechanisms of diabetic 
kidney injury that exist in humans, and ultimately advance our 
progress toward a treatment for DN.   

  1.4.  Potential for Akita 
Mice as a Model of DN
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         1.    Cage lid: Holds disposable air  fi lter pad. Keeps animal securely 
in cage, but can be removed for easy access to the animal.  

    2.    Mouse cage: Consists of an upper and a lower chamber and is 
designed to house individual mice. Constructed of transpar-
ent, gas sterilizable acryl. Easy to clean with warm soapy water 
or detergent solution.  

    3.    Food chamber: Constructed of transparent acryl. Located out-
side cage. This tunnel allows easy access to the food drawer, 
while its small size discourages rodents from nesting or sleeping 
inside. It prevents spilled food from entering the cage and 
contaminating the urine collection.  

    4.    Food drawer: Constructed of transparent acryl. Slides out for 
easy  fi lling with slurries, liquids or powders, without disturbing 
the animal.  

    5.    Water bottle holder: Constructed of transparent acryl. Located 
outside cage.  

    6.    Water bottle: Constructed of acryl.  

  2.  Materials

  2.1.  24-Hour Urine 
Collection for Mice 
( see  Fig.  1 )

  Fig. 1.    Individual mouse metabolic cage (Courtesy of R. Goodman, Hatteras Instruments, 
NC, USA).       
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    7.    Stainless steel mesh screen  fl oor for the cage: Lets excreta pass 
through the widely spaced bars.  

    8.    Stainless steel funnel and separating cone: Urine  fl ows along 
the inside surface of the collection funnel and is directed into 
the urine collection tube. Separates urine from feces.  

    9.    Urine collection tube: Removable and disposable.  
    10.    Digital scale.  
    11.    Centrifuge capable of generating a force of 800 ×  g.   
    12.    Pipettes (200–1,000  m L).  
    13.    Sterile microfuge tubes (1.5 mL).       

 

 The intent of a metabolic cage is to collect urine and separate it 
from feces. There are numerous commercial rodent metabolic 
cages available to collect urine. Here we describe 24-h urine 
collection using metabolic cages purchased from Hatteras 
Instruments (MMC100 Metabolic Cage, Hatteras Instruments, 
Cary, NC, USA).

    1.    Determine body weight of each mouse prior to study by using 
a digital scale.  

    2.    Determine weight of each urine collection tube prior to study 
by using a digital scale as this will be used to determine volume 
of urine collected (see Note 1).  

    3.    Fill feeder drawer with rodent diet (e.g., rodent chow) (see 
Note 2). Slide the  fi lled drawer cautiously into the food cham-
ber. Food consumption can be monitored by weighing food 
drawer and the food inside before and after the study.  

    4.    Fill water bottle with distilled water and attach it to the holder 
(see Note 3). Water consumption can be monitored by weighing 
the water- fi lled bottles before and after the study (see Note 4).  

    5.    Place urine collection tube in the lower chamber of the cage.  
    6.    Put stainless steel funnel in the lower chamber of the cage with 

the spout of the funnel positioned directly above the urine col-
lection tube to collect the urine (see Note 5).  

    7.    Place stainless steel mesh screen  fl oor above the funnel (see 
Note 5).  

    8.    Attach the upper chamber to the lower chamber above the 
stainless mesh screen (see Note 6).  

    9.    Put single mouse into the upper chamber on the stainless steel 
mesh.  

  3.  Methods
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    10.    Close the upper chamber of the mouse cage with the cage lid.  
    11.    The start time of the study is recorded.  
    12.    After 24 h mice are removed from the cages and the body 

weight and the amount of water consumed and urine produced 
recorded (see Notes 4, 7, and 8).  

    13.    The collected urine is centrifuged at 800 ×  g  for 15 min to 
remove solid contaminants and then the supernatant is 
 aliquotted into 1.5 mL tubes (see Note 9). Store samples at 
−70°C.  

    14.    Avoid repeated freeze–thaw cycles (see Note 10).      

 

     1.    Label both urine collection tube as well as its lid for identi fi cation. 
Use fade and water resistant ink. This is important since spilled 
urine can wash away the ink.  

    2.    Clean the food drawer each time with warm soapy water or 
detergent solution. Fill the drawer with fresh diet prior to each 
study.  

    3.    Clean the water bottle each time with warm soapy water or 
detergent solution. Fill the bottle with fresh distilled water 
prior to each study.  

    4.    Water consumption over a 24-h period can be calculated by 
using the formula: Water consumption per 24 h = Filled water 
bottle pre-study −Filled water bottle post-study .  

    5.    Make sure to dry the stainless steel funnel and the mesh screen 
 fl oor completely after cleaning prior to each study. Remaining 
debris from cleaning can prevent  fl ow of urine, and contaminate 
and dilute sample, causing false results.  

    6.    Take care to attach both chambers together to avoid spilling of 
food and water from food chamber and water bottle, 
respectively.  

    7.    Urine 24-h volume can be calculated by using the formula: 
Urine 24-h volume = Urine collection tube post-study −Urine col-
lection tube pre-study  (empty).  

    8.    In diabetic animals, urine may over fl ow the collection tube’s 
capacity and spill in the lower chamber of mouse cage. Larger 
containers can be used or the over fl ow urine should be col-
lected carefully in an additional urine collection tube. Avoid 
transferring accidently feces into the collection tube. 
Determine volume of over fl ow urine by using above formula 
for urine volume.  

  4.  Notes
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    9.    Avoid disrupting the pellet since this contains feces, hair, cells, 
and crystals.  

    10.    Repeated freeze–thaw cycles will damage and potentially dena-
ture most proteins in urine including albumin and should be 
avoided.          
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