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Abstract OBJECTIVE: This study aimed to use the tree shrew as an otological model, not 
only to verify the location of the auditory pathway in tree shrews by fluoro-gold 
(FG) but also to elucidate the effects of the auditory brainstem response (ABR) 
before and after FG injection.
METHODS: FG was injected into the medial geniculate body (MGB) of experi-
mental group (n=10).The normal group (n=10) was inserted the microsyringe, 
which was not perfused FG. Hearing was assessed by testing ABRs before and 
after the operation.
RESULTS: FG-labelled neurons were primarily distributed in the ipsilateral MGB, 
the ipsilateral and contralateral nuclei of the inferior colliculus (NIC), the supe-
rior olivary nucleus (SON), the dorsal cochlear nucleus (DCN), and the ventral 
cochlear nucleus (VCN). The ABR after FG injection caused a significant decrease 
in the wave amplitudes at 24 h that recovered by 72 h. However, the wave I–VI 
interpeak latencies in the right ear were shortened at 0 and 24 h post-surgery, 
whereas after 48 h, the interpeak latencies were prolonged. 
CONCLUSIONS: The FG retrograde tracing technique accurately displays the ana-
tomical location of the auditory pathway in the tree shrew. The change in ABR waves 
suggested that there was a functional abnormality in the central auditory pathway 
after FG injection. The auditory thalamus may have self-regulating properties.
 

INTRODUCTION
The medial geniculate body (MGB), which is 
an important thalamic nucleus in the auditory 
system, is composed of three subparts: the ven-
tral, dorsal, and medial parts. Oliver and Hall’s 

early anatomical studies demonstrated that the 
MGB of the tree shrew has eight subdivisions, 
which were identified on the basis of differences 
in Nissl-stained material. Experiments that used 
anterograde and retrograde axonal tracing and 
anterograde degeneration have demonstrated that 
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each subdivision has a unique pattern of connections 
with the midbrain(Oliver & Hall 1975; 1978).

Schmued used a new fluorescent probe referred to 
as Fluoro-gold (FG) as a retrograde axonal tracer for 
numerous neurons. FG labelling is characterised by an 
intensely fluorescent golden colour. Retrograde label-
ling of neurons has demonstrated that this tracer is 
largely localised within vesicle-like structures and is 
secondarily associated with the plasma membrane and 
the nucleolus(Schmued & Fallon 1986). Recently, fluo-
rescent tracers, such as FG and Fluoro-ruby (FR)(Lu et 
al. 2001), have received increased attention. In addition 
to their simple colour development processes, they pro-
vide clearer results, with less background interference 
than images obtained using traditional immunohisto-
chemical methods.

The physiological effects of the descending and 
ascending controls on the responses of the olivocochlear 
efferent system have been analysed in experiments that 
used electrical stimulation, lesions or chemical block-
ade of the MGB. Clinical studies of hearing outcome 
of central deafness patients have indicated significant 
hearing loss using bothmid-latency auditory evoked 
potentials(Vaney et al. 2011; Feuerecker et al. 2011) and 
auditory brainstem response (ABR) testing  (Bidelman & 
Syed-Khaja 2014; Yamazaki et al. 2014). Physiological 
studies havedemonstrated that corticofugal projections 
contribute to various forms of auditory plasticity(Zhang 
et al. 2005). For example, descending pathways can alter 
coding and frequency in the midbrain(Bajo et al. 2010) 

.Melcher identified both the generators of the brain-
stem auditory evoked potential incats and specific cell 
populations in the MGB(Melcher & Kiang 1996) .ABRs 
have been used to analyse thalamic cellular properties 
in postnatal rat brains(Venkataraman & Bartlett 2014). 
However, little is known regarding whether FG injec-
tion in the MGB changes the ABR waves.

This study aimed to use the tree shrew as an otologi-
cal model, not only to verify the location of the audi-
tory pathway in tree shrews by FG but also to elucidate 
the effects of the ABR on thresholds, wave amplitudes, 
wave I latencies, and wave I–VI interpeak latencies 
before and after FG injection.

MATERIAL AND METHODS
Materials
Twenty healthy, clean, adult tree shrews, including 
males and females, aged 1.5 years that weighed 130–
170 g wereprovided by Kunming Medical University, 
China. All animal experimentswere conducted accord-
ing to protocols approved by the Institutional Animal 
Care and Use Committee of Guangxi Medical Univer-
sity in China.

Overview of the experimental design
The ABRs of bilateral hearing in the tree shrews were 
recorded before the operation. FG was injected into 

the medial geniculate body (MGB) of experimental 
group (n=10).The normal group (n=10) was inserted 
the microsyringe ,which was not perfused FG.Based on 
the location of the MGB, a 4% FG solution (Biotium, 
USA) was delivered via a micro syringe using positive 
iontophoretic currents. The injections were targeted to 
the right MGB as determined by the atlas. The ABRs 
of bilateral hearing in all animals were recorded at 0, 
24, 48, and 72 h after the operation. The animals were 
subsequently anaesthetised, perfused through the 
heart and fixed for 1 h with phosphate-buffered saline 
(pH 7.4, 4 °C) that contained 4% paraformaldehyde. 
Tissue for serial sections was collected three days after 
FG injection, and the FG cell labelling was observed.

FG retrograde tracing
The tree shrews were anaesthetised using 1% pento-
barbital sodium (0.4 mL/100 g) via an intraperitoneal 
injection and subsequently placed in a prone posi-
tion. The limbs and the heads were fixed on an locator 
(RWD Life Science, Shenzhen, China) prior to disinfec-
tion and skinpreparation. A 4% FG solution (Biotium, 
USA) was delivered in small volumes (0.05–0.25 μL) 
via a micro syringe and positive iontophoretic currents 
(5 mA/20 min, 4% dye in lactated Ringer’s solution). 
The injections were targeted to the MGB as determined 
by the atlas (Figure 1-A).

The stereotaxic method was based on a three-dimen-
sional coordinate system with three planes located 
at right angles to each other. The APO, or interaural 
plane, is a vertical plane that passes through the inter-
aural line and divides the brain into rostral and caudal 
areas. Finally, the HO, or horizontal plane, is a modi-
fied zero plane that runs parallel to the axis of the brain 
and 4 mm above the interaural line. The plates of the 
horizontal sections above the HO plane are expressed 
in plus-millimetres, and the plates below the HO plane 
are expressed in minus-millimetres. The position of the 
MGB in the tree shrews was APO 1.8 mm, HO 1 mm, 
and 4 mm on the right side near the centre line (Wen-
guang 1990).

Tissue was collected for serial sections three days 
after FG injection. The animals were anaesthetised, 
perfusedthrough the heart and subsequently fixed for 
1 h with phosphate-buffered saline (pH 7.4, 4 °C) that 
contained 4%paraformaldehyde. The brainand the 
spinal cord were removed, fixed for 24 h,and placed in 
successive 20% and 30% sucrosesolutions. After the tis-
sues sank, the brain was frozen and sectioned longitu-
dinally in serial sections of 20 μm. Two tree shrews were 
stained with toluidine blue, and eight tree shrews were 
processed for FG cell labelling.

Auditory pathway image acquisition
The sections were maintained in the dark, dried at 
roomtemperature, mounted with 20% glycerol, and 
observedunder a BX53 upright fluorescence micro-
scope (Olympus, Japan) using wide-band ultraviolet 
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excitation (emission max: 418 nm, excitation max: 331 
nm). Photographs were taken via 4×, 10×, and 20× 
objectives using Olympus DP2-BSW software (Olym-
pus, Tokyo, Japan). 

Hearing assessment
The hearing of each animal was assessed via the ABR 
(Tucker-Davis Technologies, TDT Company, USA) 
before and after the operation. Sound was delivered 
using a closed system, with probes carefully nestled in 
the ear canal. The ABRs were recorded using clicks of 
0.1 ms in duration and a presentation rate of 21.0 per 
second. One thousand twenty-four repetitions were 
collected over a time window of 10 ms and averaged. 
The final signal was filtered with a 500-Hz high-pass 
filter and a 3000-Hz low-pass filter. Tests were per-
formed using a 4-kHz click (Liao et al. 2013). The 
threshold, defined as the minimum intensity at which 
a specific frequency could be processed, was manually 
obtained for both ears. The positive and negative peaks 
of each wave and the latency values at 80 dB SPL were 
assessed. The absolute wave I latency was defined as 
the time in ms from the onset to the positive peak of 
the wave. The interpeak latencies were defined as the 
time in ms between the positive peaks of the different 
ABR waves.

Data analysis
The ABR thresholds and wave latencies obtained for 
each group are reported as the means. The differ-
ences between the groups were analysed by analysis of 
variance (ANOVA). The p-values of 0.05 or less were 
considered significant. All statistical analyses were per-
formed with the Statistical Package for the Social Sci-
ences (SPSS 19, Chicago, IL, USA).

RESULTS
Quantitative analysis of experimental animals
Twenty healthy, adult tree shrews wereinitially included 
in the experiment and the final analysis. 

Visualisation of the auditory pathway of the tree 

shrew using FG retrograde fluorescent tracing

The left MGB and the ipsilateral nucleus of the inferior 
colliculus (NIC), the superior olivary nucleus (SON), 
the dorsal cochlear nucleus (DCN), and the ventral 
cochlear nucleus (VCN) of the tree shrews all exhib-
ited FG-positive axons, which were clearlylabelled 
with a fluorescent gold signal that exhibited distinct 
boundariesbetween the labelled areas and the sur-
rounding structures (Figure 1-B). The locations of the 
FG-labelled cells were consistent with the map in the 
tree shrew brain atlas (Figure 1-A).

The FG-labelled neurons, which were observed 
using a fluorescence microscope, were primarily dis-
tributed in areas of the NIC, the SON, the DCN, and 
the VCN (Figure 1-C). 

ABR data before and after surgery
Threshold 

The ABR threshold of the right FG in the injected 
ablated animals before surgery was 24.00±3.16 dB SPL. 
After surgery, the ABR threshold of the animals was 
24.70±2.41 dB SPL at 0 h, 25.30±3.40 dB SPL at 24 h, 
25.80±3.39 dB SPL at 48 h, and 25.70±2.98 dB SPL at 72 
h. No significant differences were identified in the ABR 
threshold before or after surgery in the experimental 
and normal group.

Wave amplitudes

No significant differences were identified  in the ABR 
amplitudes before or after surgery in the normal group.
In FG group,the amplitudes of all ABR waves (II, III, 
IV, and VI) after stimulation of the right ear exhibited 
significant decreases at 24 h after the surgery compared 
with the values before the surgery (Figure 2-C). The 
decreases in the amplitudes of waves I (p>0.05) and 
V (p>0.05) in this experimental condition were not 
significant in relation to the pre-operative condition 
(Figure 2-D). This experimental condition exhibited 
significant decreases in wave III at 48 h (p<0.01) and 
wave IV at 0 h (p<0.01). 

The ABRs from the stimulation of the left ear exhib-
ited wave amplitudes after FG injection that were 
comparable with the pre-injection condition, and no 
significant changes were identified (Figure 2-D).

Wave latencies

No significant differences were identified in the ABR 
latencies before or after surgery in the normal group.

In FG group,the latencies of wave I at 24 h after the 
right ear was stimulated were prolonged compared 
with before the operation. This experimental condi-
tion exhibited a significant increase in the absolute 
latency of wave I (p<0.01). The latencies of wave I at 
48 h reverted to baseline. No significant changes were 
identified after the stimulation of the left ear (F=2.689, 
p=0.032) (Figure 2, Table 1).

However, the wave I–VI interpeak latencies in the 
right ear were shortened at 0 and 24 h post-surgery, 
whereas at 48 and 72 h, the interpeak latencies were 
prolonged. There was a significant shortening in the 
wave I–VI interpeak latencies in both ears (p<0.05). In 
the left ear, the wave I–VI interpeak latencies were also 
shortened immediately after the surgery and became 
prolonged only after 24 h (Figure 2, Table 1)

DISCUSSION 
A number of studies have investigated the auditory 
pathway in animal models (Horie et al. 2013; Miller 
& Covey 2011; Winer et al. 2002; Bartlett et al. 2011). 
Tree shrews have frequently been used in other fields 
of research (Cao et al. 2003; Coolen et al. 2012), as well 
as in studies of the auditory pathway. Tree shrews (Fan 
et al. 2013; Xu et al. 2012) are squirrel-like mammals 
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and are commonly classified in the order Scandentia, 
between Insectivora and Primates (Muller et al. 1999). 
It has been proposed that tree shrews may represent 
better model animals than rodents (Baldwin et al. 2013) 
because of their closer relationship to primates. 

Descending projections from the MGB to the DCN 
and the VCN are critical for auditory plasticity (Saldana 
et al. 1996), including the ability of central neurons to 
adjust their frequency tuning to relevant and meaning-
ful stimuli (Willott 1996).

Fig. 1. A a. Location of the FG injection. b. Atlas of the tree shrew brain (red for the medial geniculate body (MGB), blue for the nucleus of 
the inferior colliculus (NIC), yellow for the superior olivary nucleus (SON), green for the dorsal cochlear nucleus (DCN) and the ventral 
cochlear nucleus (VCN)). c. Injection from the cortex, shown without staining (×40). d. Injection in the MGB, shown without staining 
(×40); scale bar=0.5 mm. B a. The first image in row one shows a frozen section from a tree shrew brain; the red stars indicate the MGB. 
b. Toluidine blue staining in the right MGB (×40). c. The NIC (×40). d. The injection site in the cortex (×40). e. FG cells (×40) visible in the 
right MGB. Images show three distinct zones. The first zone is centrally localised (1) and includes the needle track and a small region 
of necrosis. Peripheral to the first zone (2) is the bright region in which both neuropil and cells fluoresce, whereas myelinated fascicles 
exhibit little tracer. This middle region is presumably the zone of active terminal uptake. The most peripheral zone (3) exhibits weak 
cellular labelling. f. FG cells (×40) visible in the right NIC. g. Toluidine blue staining in the right SON (×40). h. Toluidine blue staining in 
the right DCN and the VCN (×40). i. FG cells (×40) visible in the rightSON. j. FG cells (×40) visible in the right DCN and VCN; scale bar=0.5 
mm. C a. Toluidine blue staining in the left NIC (×40). b. Toluidine blue staining in the left SON (×40). c. Toluidine blue staining in the left 
DCN and the VCN (×40). d. FG cells mark the left NIC (×40). e. FG cells mark the left SON (×40). f. FG cells mark the left DCN and the VCN 
(×40); scale bar=0.5 mm.
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Fig. 2. A. and B. ABR 
in the left ear (A) 
and right ear (B) 
before and after FG 
retrograde tracing of 
the auditory pathway. 
Measurement 
parameters: click, 
70-100 dB SPL. C. and 
D. ABR changes in 
the wave amplitudes 
before (C) and after 
(D) surgery. The 
graphs show the 
mean±SEM of the 
wave amplitudes in 
microvolts (mV). * 
p<0.05. ** p<0.01. *** 
p<0.001. Note that at 
24 h, the wave values 
decrease for right ear 
stimulation, but no 
significant changes 
were identified for 
left ear stimulation. 
E. Mean wave I 
latencies in the right 
ear before and after 
the operation. F. Mean 
wave I latencies in the 
left ear before and 
after the operation. 
G. Mean wave I-VI 
interpeak latencies 
in the right ear 
before and after the 
operation. H. Mean 
wave I-VI interpeak 
latencies in the left 
ear before and after 
the operation.
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In this study, we utilised tree shrews as an in vivo 
model of the auditory pathway and examined the physi-
ological effects of FG injection. Compared with nerve 
tracers such as biotinylated dextran amine(Veenman et 
al. 1992) and horserad ish peroxidase(Karnovsky 1967), 
retrograde tracing with FG does not require complex 
immunohistochemistry or close ob  servation during the 
colour reaction process. The positive staining of audi-
tory pathway fibres on the injected side of tree shrews 
is visible as a clearly demarcated gold fluorescence 
signal, which is located in the MGB on one side of the 
brain and in the NIC, SON, DCN, and VCN on both 
sides of the brain. No FG-positive signal is observed 
on the contralateral side of the MGB (Figure 1-B, C). 
Most anatomists wait at least 7 days for FG transport. 
A range of 7–14 days is commonly used to allow full 
labelling of distal structures. We processed the tissue 
after 3 days because the tree shrew auditory projection 
is more complicated than the projection in rodents and 
FG transmission is fast and active(Wong et al. 2013) . 

Longitudinal sections of the auditory pathway 
exhibit FG-positive labelling in cells that project from 
the MGB to the NIC, SON, DCN, and VCN. No posi-
tive staining is observed in the lateral MGB. Although 
Figure 1-C does show labelling in the SON, DCN, and 
VCN, this labelling is sparse. The descending projec-
tion of the MGB primarily projects to the ipsilateral 

nuclei rather than the contralateral nuclei. In a future 
study, we will determine the specific nucleus that sends 
the largest projection to the MGB by counting axons 
within each location on both the ipsilateral and contra-
lateral sides.

Tree shrews exhibit waves I–VI in ABR checks, and 
they occasionally exhibit wave VII. Data from tree 
shrew ABR tests contain indicators similar to humans. 
Tree shrews consistently display wave VI of the ABR, 
and this response may originate from the MGB.

The changes in ABRs identified in the present study 
depended on the side of the FG injection and the time 
post-surgery of the ABR recordings. The ABR results 
in this study demonstrate that the tree shrews had no 
changes in the ABR thresholds before or after surgery. 
Therefore, FG injection into the MGB did not induce 
hearing loss. 

This finding suggests that the decrease in the wave 
amplitude at 24 h, which recovered by 72 h, may be a 
consequence of the decrease in the activity of the organ 
of Corti and the auditory nerve following the removal 
of cortical inputs after FG injection by microcurrent. A 
future study will analyse the specific sources that affect 
the auditory pathway. 

The wave I latencies in the left ear were the same 
before and after the operation. We subsequently exam-
ined the wave latencies in the right ear. The wave I–VI 

Tab. 1. Auditory brainstem response latency data from different periods in Wave I and Wave I–VI.

Right
(mean (SE))

Left
(mean (SE))

Right
(mean (SE))

Left
(mean (SE))

Wave I latencies (ms) Groups (case number)* Wave I–VI interpeak latencies (ms)

1 1.43 (0.14) 1.49 (0.14) 3.72 (0.09) 4.00 (0.15)

2 1.40 (0.09) 1.38 (0.13) 3.53 (0.05) 3.72 (0.13)

3 1.79 (0.16) 1.45 (0.22) 3.51 (0.35) 4.15 (0.11)

4 1.40 (0.12) 1.41 (0.20) 3.71 (0.10) 4.05 (0.17)

5 1.41 (0.12) 1.38 (0.16) 3.67 (0.11) 4.05 (0.20)

F value (p-value)** 93.004 (<0.01) 2.689 (0.032) 3.901 (<0.01) 13.302 (<0.01)

p-value(1):(2)*** >0.01 — <0.01 <0.01

p-value(1):(3)*** <0.01 — <0.01 0.05>p>0.01

p-value(1):(4)*** <0.01 — >0.01 >0.01

p-value(1):(5)*** >0.01 — >0.01 >0.01

p-value(2):(3)*** <0.01 — >0.01 <0.01

p-value(2):(4)*** <0.01 — 0.05 >p>0.01 <0.01

p-value(2):(5)*** >0.01 — 0.05 >p>0.01 <0.01

p-value(3):(4)*** >0.01 — <0.01 >0.01

p-value(3):(5)*** <0.01 — 0.05 >p>0.01 >0.01

p-value(4):(5)*** <0.01 — >0.01 >0.01

*group 1 = before the operation, group 2 = 0 h after the operation, group 3 = 24 h after the operation, group 4 = 48 h after the operation, 
group 5 = 72 h after the operation. ** indicates analysis by one-way analysis of variance; ***indicates analysis by the least significant 
difference test.
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interpeak latencies in the right ear were shortened at 0 
and 24 h post-operation and became prolonged after 
48 h. In the left ear, the wave I–VI interpeak latencies 
were also shortened immediately after the operation 
but became prolonged after only 24 h. Only at 24 h was 
there a difference in the ABR intensity. Taken together, 
these data demonstrate that the injection of FG and 
the microcurrent may affect the central auditory path-
way. The FG and the microcurrent may have induced 
an acute inflammatory response at 24 h; however, the 
injury was minor, and recovery was observed by 48 h. 
The reduction in the latency time could be explained 
by the theory of cochlear filtering, which states that 
wider frequency tuning produces shorter responses. 
A shortening of the response leads to faster activation 
of nerve responses and consequently, shorter latencies 
of ABR waves. Eventually, afferent neurons may fire 
earlier if the cochlear filtering is reduced by medial 
olivocochlear (MOC) or lateral olivocochlear (OHC) 
changes(Guinan 2010). Interestingly, the present study 
also demonstrates that the wave amplitudes and laten-
cies were restored by 72 h after surgery. This finding 
suggests a more complicated mechanism of recovery 
of electrical activity in the superior olivary complex, 
which most likely reflects a direct effect of the loss 
of excitation that results from injury of the descend-
ing corticofugal terminals. Additional studies will be 
required to determine whether FG harms the auditory 
pathway and to identify the mechanisms that underlie 
a potential effect. 

We studied the morphology and electrophysiology 
of the tree shrew auditory pathway and successfully 
constructed a model of the auditory pathway using FG 
tracing of the neural tracts and ABR testing. However, 
there are difficulties associated with methods based on 
serial tissue sections, such as the complexity of section 
preparation and the long experimental procedures. 
Furthermore, fixed tissue is static and cannot provide 
insights into physiological dynamics. If in vivo biologi-
cal tissues can be reconstructed using a combination of 
neural tracing and imaging methods, future research 
on the auditory pathway will be more effective.

The ABR changes identified in postoperative ani-
mals suggest that mechanisms in the central auditory 
pathway may also be involved. Nevertheless, this study 
provides both morphological and electrophysiological 
evidence that the auditory pathway of the tree shrew 
has otological advantages that will facilitate the transi-
tion from experimental to clinical research.
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