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Purpose: We investigated longitudinal changes in lower urinary tract func-
tion, especially sensory function, in the type 2 diabetes mellitus model of
Goto-Kakizaki rats.

Materials and Methods: We used 16 Wistar and 16 Goto-Kakizaki rats. Body
weight, blood glucose, 24-hour voiding frequency-volume data and cardiovascular
system data were measured every 3 weeks starting at age 5 weeks until age 14
weeks and then every 6 weeks until age 44 weeks. At ages 10 and 46 weeks
conscious cystometry was done, pelvic afferent nerve fiber conduction velocity
was measured using urethane anesthesia and isolated detrusor smooth muscle
function was determined.

Results: Goto-Kakizaki rats showed lower body weight, higher blood glucose and
mean voided volume, and less voiding frequency than Wistar rats throughout the
observation period. In 46-week-old Goto-Kakizaki rats lower peak micturition
pressure, larger bladder capacity and higher bladder compliance were noted on
cystometry, while slower conduction velocity and a lesser proportion of A8 fibers
were observed on conduction velocity measurement. Goto-Kakizaki rats showed a
lower contractile response to carbachol but not to electrical field stimulation or
high K+ in isolated detrusor smooth muscle. These differences between the 2
groups of rats at age 46 weeks were not noted at age 10 weeks. Cardiovascular
system results did not differ between the 2 groups.

Conclusions: The results of this longitudinal study in Goto-Kakizaki rats indi-
cate that type 2 diabetes induces bladder sensory dysfunction, manifesting as
slower bladder afferent conduction velocity, larger bladder capacity and greater
hypocontractility to acetylcholine.

Key Words: urinary bladder; diabeies melliius; neurons, afferent;
diabetic neuropathies; rats

Diasetic uropathy is found in more
than 80% of individuals with diabetes,
more often than widely recognized com-
plications such as neuropathy and ne-
phropathy, which affect fewer than 60%

and 50% of patients, respectively.>? -

However, little is known about the natu-
ral history of these common, troublesome
complications. Animal models have the
potential to reveal mechanisms and aid
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in the development of treatment strate-
gies for diabetic uropathy.®

The STZ induced DM rat model is
the most commonly used experimen-
tal model for type 1 DM. STZ induced

‘DM results in bladder hypertrophy*—®

and decreased CV.” However, the exact
mechanisms involved in the pathophysi-
ology of lower urinary tract dysfunction
related to changes in bladder afferent fi-
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bers have not been clarified in. ﬁaﬁénts w1th type 2 DM. -

The GK rat is a widely accepted, genetically determined
‘Todent model for human type 2 DM.*~*° This rat is char-
acterized by nonobesﬂ:y, early ‘and mild insulin regis-

tance, later abnormahtles in msu]m secretion and mod— :

est hyperglycemla

Previous studies in GK rat bladders revealed that
contractile responses to CCh, adenosine-5'-triphos-
phate and EFS changed significantly under age de-

pendent conditions.’?'® Another study was done of

functional, structural and molecular changes in the

peripheral (sciatic) nerve and dorsal root ganglion in X

GK rats.' However, to our knowledge no investiga-
tion has focused on bladder afferent nerve function
in this type 2 DM rat model. Therefore, we investi-
gated longitudinal changes in lower urinary tract
function, especially sensory function, using GK rats
as the type 2 DM model.. '
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METHODS

; Experlmental Ammals and De5|gn

- We used adult male rats, including 16 Wistar rats as -
controls and 16 GK rats. The rats were maintained under
standard laboratory conditions with a 12:12-hour light-

_ dark cycle, and free access to food pellets and tap water.

The protocol was approved by the University of Tokyo

_ Graduate School of Medicine animal ethics committees.

Eight rats per group (CLEA Japan, Tokyo, Japan) were

- obtained at 4 weeks old. Every 3 weeks until age 14 weeks

and every 6 weeks from ages 14 to 44 weeks body weight
and 24-hour FV data were measured. In addition, at
around 1:00 p.m. the rat was placed in a warm (38C)
restraint cage, and heart rate and blood pressure were
measured while conscious by tail cuff plethysmography
using a BP-98A-L device (Softron, Tokyo, Japan). Subse-
quently, the blood glucose level was determined in blood
obtained from the tail vein using the Glu-Test Every dis-
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Figure 1. Changes in body weight (A), blood glucose (B), 24-hour food intake (C), heart rate (D), and systolic (£) and diastolic (F) blood
* pressure during development from ages 5 to 44 weeks (w). Blue curves indicates 8 Wistar rats. Red curves indicates 8 GK rats. Single
asterisk indicates significantly different vs Wistar rats (unpaired Student t test p <0.05). Double asterisks indicate significantly different
vs Wistar rats (unpaired Student t test p <0.01). bpm, beais per minute.
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posable glucose test sensor (Sanwa Kagaku Kenkyusho,
Tokyo, Japan). At age 46 Weeks CMG was done and CV'

was measured.

_ After the rats were sacrlflced by an overdose of anesthe-
sia, the bladder was isolated and bladder weight was mea-
sured. Isolated DSM contractile function was evaluated.

Another 8 rats per group were obtained at age 8 Weeks :

At age 10 weeks all mentioned expemments were per-
formed in these animals.

; Measurement
- Frequency-volume. The rat was placed without any re-
straint in an MCM/TOA-UF001-006 metabolic cage (Mit-

subishi Chemical Medience, Tokyo, Japan) for 24 hours to
adapt to the environment. Due to a specially designed net, '

this metabolic cage can pass urine separately from feces,
enabling precise measurement of voided wrine volume.
After 24-hour adaptation voided volume, voiding fre-
quency and water intake volume were recorded using a
PowerLab® data acquisition system continuously for
24 hours starting at 9:00 a.m. The rat had free access to
water and food during recording.

Cystometry. The rat was anesthetized with 30 mg/kg
pentobarbital sodium intraperitoneally. A PE-50 catheter
(Clay-Adams, Parsippany, New Jersey) was inserted in
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 the bladder through the A st secured., Continuous

CMG was performed in conscious rats 4 days after sur-

X gery. Each rat was placed in an MCM/TOA-UF001-006

metabolic cage for at least 2 hours to adapt to the envi-
ronment. The bladder catheter was connected to a DX-100
pressure transducer (Nihon Kohden, ' Tokyo, Japan) and a
KDS100 microinjection syringe pump (Muromachi, Tokyo

 Japan) via a 3-way tap. Room temperature saline was

continuously instilled in the bladder at 0.08 ml per min-
ute. Intravesical pressure and voided volume were re-

. corded continuously using PowerLab. All cystometric pa-

rameters were averaged for 60 minutes after pressure
curves stabilized.

Conduction velocity. After CMG, the rat was anesthe-
tized with urethane (1.2 gm/kg intraperitoneally). The left
pelvic nerve was dissected from surrounding tissue prox-
imal to the major pelvic ganglion and placed on a pair of
silver electrodes. Fine filaments were dissected from the
left 1.6 and S1 dorsal roots, and placed across shielded- -
bipolar silver electrodes after laminectomy. Clearly differ-
ent unitary action potentials of afferent fiber originating
from the bladder after pelvic nerve electrical stimulation
were recorded. They were identified by the Spike2 impulse
shape recognition program (Cambridge Electronic Design,
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Figure 2. Changes in 24-hour voiding frequency (A), 24-hour total voided volume (B), 24-hour mean voided volume (C), 24-hour mean
urinary flow rate (D), water intake volume during 9:00 a.m. to 9:00 p.m. light cycle (E) and 24-hour water intake (F) during development
from ages 5 1o 44 weeks (w). Blue bars indicate 8 Wistar rats. Red bars indicate 8 GK rats. Pound sign indicates additional 8 Wistar and
7 GK rats. Single asterisk indicates significantly different vs Wistar rats (unpaired Student t test p <0.05). Double asterisks indicate
significantly different Vs Wlstar rais (unpalred Student t test p <0.01).
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Cambridge, United Kingdom). CV was calculated from the

response latency to electrical stimulation and the conduc--
tion distance between the stimulation and recording sites. -

~ Fibers with a CV of more than 2.5 m per second were
designated A$ fibers and those with a CV of less than
2.5 m per second were designated C fibers.**

~ Isolated DSM contractile function. The rat was sacrificed
and the bladder was removed. After measuring bladder
weight, bladder strips was separated equally (approxi-
mately 1 X 1 X 5 mm) from the bladder body longitudi-

nally. Isolated DSM strips were transferred to 5 ml organ

baths containing Krebs solution, composed of 118 mM
NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 12.5 mM NaHCO,, 1.2
mM KH, PO, 1.2 mM MgSO,, and 5.55 mM glucose. This
was maintained at 37C, and bubbled with a mixture of
95% oxygen and 5% CO, to achieve pH 7.4. The strip was
attached at one end to a tissue holder and at the other end
to a Type 7923 force displacement transducer (NEC
San-Ei Instruments, Tokyo, Japan). Data were recorded
and analyzed by PowerLab. The strip was stretched until
1 gm stable tension was achieved. After the 2-hour equil-
ibration period, the experiment was started by exposing
the strips to high K* (62 mM) Krebs solution. The K*
Krebs solution was washed out and contraction was
evoked using the muscarinic agonist CCh (107 to 1073 M)
(Wako Chemical, Tokyo, Japan). The final concentration
of CCh was added and the strip was washed and left
undisturbed until baseline tension was regained. Fre-
quency-response data at 2, 5, 10 and 20 Hz were then
- recorded with EFS (pulse width 0.8 millisecond, 50 V,
5-second duration and 1-minute stimulation interval). -

Statistical Analysis

All data are shown as the mean = SEM. Results were
analyzed using the unpaired Student t test for between
group comparisons and the chi-square test to compare the
Ad-to-C fiber ratio using CV measurement. Statistical sig-
nificance was considered at p <0.05.

RESULTS

General Characteristics

Compared to Wistar rats, GK rats showed lower
body weight and higher blood glucose throughout
the observation period (fig. 1, A and B). Food intake
did not significantly differ between the 2 groups
throughout the observation period after age 11
weeks, although slight variation was noted during
the first 8 weeks (fig. 1, C). Mean heart rate and
blood pressure parameters did not significantly dif-
fer between the groups (fig. 1, D to F).

Measurement

Frequency-volume. Upon analysis of FV measure-
ment during the total of 24 hours, voiding frequency
was significantly lower in GK than in Wistar rats. In
contrast, mean voided volume was significantly
greater in GK rats throughout the whole observa-
tion period. Total voided volume, mean urinary flow

rate and water intake volume during the total of 24

_ hours did not significantly differ between the grdups,

although in each these values tended to increase with

- age (fig. 2). Similar tendencies were observed when
‘the correspondmg values were divided by light and

dark cycles, except water intake volume during the -

light cycle, which was significantly Iess in GK rats

(fig. 2, E and data not shown).

'Cystometry. No cystometrlc parameter analyzed

showed a significant difference between the 2 groups
at age 10 weeks. At age 46 weeks peak pressure-in
GK rats was significantly lower than in Wistar rats,
while GK rats had significantly larger bladder ca-
pacity and voided volume, and greater bladder com-
pliance than Wistar rats (see table). Post-void resid-
ual volume was minimal in each group at ages 10
and 46 weeks.

- Conduction velocity. A total of 3,877 single unit

afferent fibers were isolated in a total of 28 rats,
including 3,028 units from the L6 and 849 from the
S1 dorsal root. CV did not differ between GK and
Wistar rats at age 10 weeks (mean 4.48 + 0.16 vs
4.47 * 0.20 and median 2.20 vs 2.10). However, it
was significantly slower in GK than in Wistar rats at
age 46 weeks (mean 3.64 = 0.17 vs 7.13 = 0.37,
p <0.001 and median 1.62 vs 2.15, fig. 3, A). When
fibers were classified as Ad and C fibers, the propor-
tion of AS fibers was significantly lower in GK than

CMG parameters and bladder weight in conscious Wistar and
GK rats at ages 10 and 46 weéeks

Wistar ~ GK
Age 10 wks
No. rats 8 7
Mean = SEM CMG:*
Basal pressure (cm H,0) 584 =061 510 +=057
Micturition threshold (cm H,0) 12.58 =077 10.72 =060
Peak pressure (cm H,0) 4706 +2.93 4157 * 356
Bladder capacity (ml) 1.27 =0.10 115 =007
Voided vol (mf) 129 =007 1.28 *=0.08
Bladder complianca (mi/A cm H,0) 0.108 = 0.008 0.115 = 0.010
Bladder wi:
No. rats 8 8
Mean = SEM (gm) 0.146 = 0.005 0.192 = 0.026
Age 46 wks
No. rats : 74 8
Mean = SEM CMG:*
Basal pressure (cm H,0) 6.00 =047 539 *043
Mieturition threshold (cm H,0) 1313 =044 11.14 - = 0561
Peak pressure (em H,0) 4762 = 2.50 36.66 = 1.83%
Bladder capacity (m) 167 =0M 247 *+017%
Voided vol (ml) 177 =042 263 =027t
Bladder compliance {ml/A em H,0} 0.131 = 0.011 0.226 + 0.015%
Bladder wt:
No. rats ' 8 8
Mean = SEM (gm) 0.245 = 0.017 0.220 = 0.015

* Bladder capacity = intercontraction interval X saline instillation rate and
bladder compliance = bladder capacity/(micturition threshold — basal pressure).
-+ Significantly different vs:Wistar (inpaired Student t test p <0.05).
¥ Significantly different vs Wistar (unpaired Student 1 test p <0.01).
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significantly different vs age matched Wistar rats (unpaired Student t test p <0.001).

in Wistar rats at age 46 weeks (32.7% vs 44.2%,
p <0.001) but not at 10 weeks (44.0% vs 40.8%, fig. 3, B).

Isolated DSM contractile function and bladder

weight. The contractile response to high K* or EFS

did not significantly differ between the 2 groups at :

age 10 or 46 weeks. The response to CCh in GK rat
bladders was significantly weaker than in Wistar
rat bladders at age 46 weeks but not at age 10 weeks
(figs. 4 and 5). No significant difference in bladder
weight was found between Wistar and GK rats at
ages 10 and 46 weeks (see table).

DISCUSSION

GK rats had higher blood glucose and smaller body
weight than age matched Wistar control rats through-

out the observation period, although food intake did-

not differ significantly between the groups after age 11
weeks. These findings are consistent with previous
observations.'* 2 The groups did not significantly dif-
fer in cardiovascular function. Previous studies re-
vealed mild cardiomyopathy in GK rats,'> " which is
generally in line with our data. : :
We investigated lower urinary tract function in
GK rats. For FV measurements the most remark-
able differences between the groups were larger

voided volume per micturition and less voiding fre-
quency in GK rats. Voiding frequency in the Wistar
group was more than that reported previously.'®'8
This contradictory result may have occurred due to
the different experimental setup. We used a meta-
bolic cage with a special net that allows urine to pass
separately from feces, thus, enabling more precise
measurement of voided urine volume. On the other
hand, neither total voided volume nor water intake
volume significantly differed. These results suggest
that bladder sensation in response to bladder dis-
tention may be impaired in GK rats.

To clarify this speculation, further experiments
were performed using CMG and CV measurements.
Although we found no significant differences in any
CMG parameters analyzed between the groups at
age 10 weeks, at age 46 weeks GK rats had larger
bladder capacity and voided volume, and greater
bladder compliance than age matched controls. In
accordance with these CMG findings, GK rats
showed significantly slower CV of pelvic afferent
nerye fibers at age 46 weeks but not at age 10 weeks.
There were large variations in CV data but such
variations were algso observed in our previous re-
ports.'®22 These CMG and CV measurements in -
GK rats further indicate the progression of sensory
dysfunction associated with type 2 DM.
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Figure 4. Contractile response to high 62 MM K" (A), 2,5, 10 and 20 Hz EFS (B and C), and 107810 107°M CCh (Dand E) at age 10 weeks
(w). N/g, N, gm. Emax, maximum relaxation. EC50, concentration needed to produce 50% response. No significant difference was

found between 2 groups (unpaired Student t test).

There was a discrepancy between FV measure-
ments, and CMG and CV results in 10-week-old
rats, ie we found a significant difference in FV but
not in CMG or CV. Posgibly the artificial conditions
during CMG and CV measurements, such as in-
serted catheters, intravesical saline instillation and
urethane anesthesia, affected the results and ob-
scured the difference detected by FV measurements,
which was done under more natural conditions.

Previous studies in STZ induced DM rats showed
increased bladder capacity, voided volume, contrac-
tion duration and post-void residual volume, sug-
gesting bladder sensory impairment and detrusor
underactivity.?#2® We found similar findings sug-
gestive of bladder sensory impairment in GK type 2
diabetic rats, as mentioned. However, we also found
significantly lower peak pressure during voiding in
46-week-old GK rats. This may represent detrusor

underactivity, although no significant increase 1n

mean post-void residual volume or decrease in mean
urinary flow rate was detected. Murakawa et al re-
ported that 2-month-old GK rats showed normal
nerve CV and no morphometric abnormalities in the
sciatic motor nerve, while in 18-month-old GK rats CV
was decreased to 76% of control values and there were

loss of small myelinated fibers, atrophy and loss of
unmyelinated axons, and an increased frequency of

regenerating fibers.! In agreement with this previous

report, our CV measurements revealed that bladder
afferent nerve CV was decreased and the proportion of
myelinated fibers was decreased in aged GK rats.

In in vitro functional studies contractility in re-
sponse to a high K* concentration or to EFS showed
no significant difference between the 2 rat bladder
groups at ages 10 and 46 weeks. On the other hand,
the response to CCh was significantly lower. in GK
than in Wistar rats at age 46 weeks hut not at age 10
weeks. Yono et al observed that the maximum con-
tractile response to CCh was similar in GK and
Wistar rat bladders until age 8 weeks, while at age
16 weeks the contractile response to CCh was in-
creased in GK rats.'® Saito et al reported that CCh

_induced detrusor contractility was significantly in-

creased in GK rats at ages 12 and 70 weeks.”? We
could not determine the reasons for such contradic-

tory results between our and previous studies. To
- speculate, differences in experimental procedures be-
" tween the previous and current series, such as rat age,

vendor and experimental setup, may have influenced
this discrepancy. In the current CMG measurement
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decreased peak pressure was noted in GK rats at age
46 weeks. This may be linked to the decreased contrac-
tile response to CCh, suggesting that acetylcholine
mediated bladder contractile mechanisms during void-
ing may be impaired in GK rats at age 46 weeks.

Together, these findings suggest that type 2 DM
may induce impaired bladder sensation and bladder
contractility during voiding in rats. Further investi-
gation is needed to determine the natural history of
- lower urinary tract dysfunction in this experimental
rat model of type 2 DM.

CONCLUSIONS

The results of our longitudinal study in GK rats
indicate that type 2 DM induces bladder sensory
dysfunction, represented as slower conduction veloc-
ity of bladder afferents, and greater bladder capacity
and bladder hypocontractility to acetylcholine. To
our knowledge this is the first direct demonstration
of bladder afferent dysfunction in type 2 diabetic GK
rats. GK rats can serve as a model for investigating
the sensory dysfunction and detrusor underactivity
associated with type 2 DM. '
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