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Long-term hyperglycaemia induces 
qualitative and quantitative 
changes in rat ultrasonic 
vocalizations
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Diabetes mellitus (DM) is currently considered a global epidemic. Recently, the relation between 
diabetes and mood disorders has been established, as well as a link with altered behavioural traits, 
that may depend on changes in the emotional state. To further elucidate the interplay between DM 
and changes in the emotional state, we evaluated in long-term diabetic hyperglycaemic (HG) or in 
control (CTRL) male rats the emission of ultrasonic vocalizations (USVs), a behavioural marker that 
may express the emotional states of rats and their changes. Rats were exposed to a conspecific 
matched for condition (i.e. HG or CTRL), to elicit calling behaviour; then, the numbers and acoustic 
parameters (duration, maximum frequency, minimum frequency, bandwidth) were scored for the 50-
kHz USVs (appetitive) and 22-kHz USVs (aversive) emitted. Dyads of HG rats emitted higher numbers 
of 50-kHz USVs, compared with dyads of CTRL rats. Moreover, differences in acoustic parameters 
were detected between the 50-kHz USVs emitted by HG and CTRL rats. These effects were observed 
for the total 50-kHz USVs emitted, as well as for the flat and frequency modulated categories of 50-
kHz calls. Finally, HG rats (30% of dyads) but not CTRL rats also emitted 22-kHz USVs. These findings 
demonstrate that long-term diabetic hyperglycaemia causes qualitative and quantitative changes in 
ultrasonic calling behaviour in male rats. Moreover, they suggest that measuring the emission of USVs 
may become an informative approach to study the effects of hyperglycaemia in rat models of DM.
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Diabetes mellitus (DM) is a common chronic metabolic disorder with a worldwide increasing prevalence1–3. 
DM comprises a group of heterogeneous disorders characterized by an increase in blood glucose concentrations 
resulting from defects in insulin secretion, insulin action, or both4,5. DM stems from the progressive failure of 
the body to manage circulating blood glucose, resulting in a wide array of comorbidities, from traditional micro- 
and macrovascular complications, such as stroke, nephropathies, retinopathies, and peripheral neuropathies, to 
recently acknowledged liver diseases6,7. Recent evidence also indicates that DM is associated with complications 
affecting the central nervous system. For example, DM has lately emerged as a risk factor for neurodegenerative 
diseases8–11. Moreover, DM can affect superior brain domains (e.g., cognition) and can possibly alter the 
emotional state. This is suggested by the evidence that diabetic patients may display behavioural abnormalities, 
such as heightened aggressivity and agitation12,13, that may depend on underlying alterations in the emotional 
state14, often occurring in patients with chronic illnesses such as DM12,13,15.

Progress in understanding how DM affects the emotional state could come from studies in animal models 
that allow investigating the effects of long-term hyperglycaemia on neurocircuits that regulate reward and 
aversion, as well as the behavioural correlates of those effects. Indeed, earlier studies in rodent models of DM have 
demonstrated the manifestation of altered responses in the elevated plus maze and the forced swim test16–20, two 
experimental paradigms classically used to study in rodents the presence of anxious/depressive-like phenotypes 
that may stem from the presence of a negative emotional state (reviewed in21. Moreover, a recent study of our 
group has demonstrated the occurrence of altered social behaviour in rats exposed to long-term (i.e., 5 months) 
diabetic hyperglycaemia, which could possibly depend on the presence of modifications in the emotional state22. 
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Indeed, in rats an interplay may exist between social behaviour and emotional states, as demonstrated by other 
data showing differences in social approach behaviour and in aggressivity towards conspecifics in rats with low 
or high levels of anxiety, as well as in putative rat models of depression23–28. To further investigate the effects 
that long-term hyperglycaemia has on the emotional state, we deemed interesting to evaluate the emission of 
ultrasonic vocalizations (USVs) in our model of long-term (i.e., 5 months) HG rats. In fact, USVs are regarded 
as a behavioural marker that may express the state of arousal, motivation, as well as the presence of positive or 
negative emotional states in rats29.

USVs emitted by adolescent/adult rats can be broadly categorized in two families, the “22-kHz USVs” and 
the “50-kHz USVs”, based on their average frequency and supposed behavioural significance30,31. The so-called 
“22-kHz USVs” possess low maximum frequency (up to 35 kHz), long duration (more than 300 ms), and lack 
significant frequency modulation32. Rats emit 22-kHz USVs in response to aversive stimuli; accordingly, these 
calls are considered behavioural markers of negative emotional states33. Conversely, the so-called “50-kHz 
USVs” possess high maximum frequency (up to 120 kHz), short duration (less than 150 ms) and may display 
substantial frequency modulation within individual calls32. Rats emit 50-kHz USVs in response to appetitive 
stimuli; accordingly, these calls are considered behavioural markers of positive emotional states34–36. On these 
bases, evaluating the emission of USVs could provide valuable information on the possible changes affecting 
the emotional state in rat models of DM. Measuring the emission of USVs allows disclosing the occurrence of 
both positive and negative emotional states of rats, as well as the fluctuation between and intensity of emotional 
states37,38. Conversely, other experimental paradigms that have been so far used to characterize the behavioural 
phenotype of rat models of DM, such as the elevated plus maze and forced swim test, allow disclosing only 
behavioural responses that may be related to negative emotional states. Therefore, measuring the emission 
of USVs as a behavioural marker is a valuable approach to increase the amount of information that can be 
obtained in preclinical studies about the changes affecting emotional states in experimental models of central 
and peripheral diseases21, including models of chronic diseases as DM.

The current study aimed at providing a qualitative and quantitative characterization of the USVs emitted 
by long-term (i.e., 5 months) HG male rats. The experimental model we used here was selected based on the 
results of our previous investigations demonstrating that long-term male HG rats display neurodegenerative 
phenomena affecting the dopaminergic system, as well as abnormalities in motor and social behaviours22,39. 
Accordingly, we aimed to ascertain whether long-term hyperglycaemia could also alter a behavioural response 
(i.e., the emission of USVs) that is thought to straightforwardly communicate the emotional state of rats38. The 
emission of USVs was elicited by the exposure to a same-sex conspecific matched for condition (i.e. HG or 
control, CTRL), a procedure that is commonly used to elicit calling behaviour of rats in studies that investigate 
the qualitative and quantitative parameters of USVs40–43. The numbers and acoustic parameters (duration, 
maximum frequency, minimum frequency, bandwidth) of the 22-kHz USVs and 50-kHz USVs recorded were 
then quantified. The analysis of 50-kHz USVs included the total number of calls as well as the categories of “flat” 
calls (i.e., USVs that are thought to serve mainly a function of social coordination) and “frequency modulated” 
(FM) calls (i.e., USVs that are thought to preferentially express the presence of a positive emotional state)44.

Materials and methods
Animals
A total of 36 male Sprague-Dawley rats (Charles River, St-Constant, Canada) were used. Rats weighed 175–200 
g at the beginning of experiments (i.e., induction of hyperglycaemia) and were housed two per cage under a 
12 h light/dark cycle. Standard rodent chow 5075 (Charles River) and water were available ad libitum, except 
during USV recordings. Experiments were carried out in accordance with legislation of the Canadian Council 
on Animal Care (CCAC) and the study is reported in accordance with ARRIVE guidelines. These experiments 
were also approved by the Animal Care Committee of the Université du Québec (Trois-Rivières, Canada), 
protocol number MGM-5-14. Accordingly with the reduction policy of the CCAC (Council on Animal Care), 
these animals were shared with a previous study (Renaud et al. 2024), to maximize the information gained per 
animal. In that previous study rats received neither pharmacological treatments nor experimental manipulations 
(i.e., exposure to stress) that could have had an enduring influence on the emission of USVs. Moreover, earlier 
investigations of our group found no effects of previous experimental use on the emission of USVs in male rats 
that were: (i) tested in dyads and previously subjected to multiple pairings with different same-sex conspecifics43; 
(ii) tested individually during two different memory tasks that were performed in a counterbalanced order45. 
Accordingly, we may conclude that sharing the animals with a previous investigation is unlikely to have affected 
the results of the present study.

Induction of hyperglycaemia
Rats were randomly assigned to the CTRL group (n = 16) or HG group (n = 20). For the induction of 
hyperglycaemia, fasted rats of the HG group received an intraperitoneal (i.p.) injection of nicotinamide (100 
mg/kg b.w.) (Millipore Sigma, Oakville, Ont. Canada), followed by a single intraperitoneal injection of the toxin 
streptozotocin (55 mg/kg b.w.), (Enzo Life Sciences, Farmingdale, NY, USA) targeting pancreatic β cells, as 
already described39. Pre-treatment with nicotinamide was performed to restrain the death of insulin-producing 
pancreatic β cells and engender a long-term state of hyperglycaemia not requiring glycaemia-lowering 
treatments39,46,47. CTRL rats received two i.p. injections of vehicle (physiological saline). Hyperglycaemia 
occurred 9 days after injections and only rats with a random glycaemia always above 10mM were included in 
the HG group. Glycaemia was estimated twice a week for 5 months by collecting 100 µl of blood from the tail 
vein using a digital glucose meter and matching strips (One Touch Ultra) as already reported22,39. No anesthetic 
agents were used in the present study, since the withdrawal of small amounts of blood from the tail is a non-
invasive procedure that does not require anesthesia.
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Recording and analysis of ultrasonic vocalizations
Recording of USVs was performed precisely 5 months after the induction of hyperglycaemia. Two unacquainted 
rats paired for condition (CTRL, 8 dyads; HG, 10 dyads) were placed in a Plexiglas cylinder (diameter, 25 cm; 
height, 30 cm) with fresh bedding. The cylinder was surrounded by cardboard walls and topped with a lid 
endowed with an ultrasonic microphone (CM16/CMPA, Avisoft, Berlin, Germany) placed at an average distance 
of 25 cm from rats. The microphone was connected to an ultrasound-recording device (UltraSoundGate 116 
Hb, Avisoft, Berlin, Germany) and constant gain was maintained throughout recordings. USV recordings lasted 
10 min, a timeframe selected according to our previous studies assessing the emission of USVs in dyads of 
unacquainted rats42,43.

The software SASLab Pro 4.52 (Avisoft, Berlin, Germany) was used to convert USV recordings into 
spectrograms with the following settings: 512 FFT-length, Hamming window and 75% overlap frame set-up48. 
Afterwards, three experienced experimenters, blind to the glycaemic conditions of rats, inspected and manually 
cleaned all signals that could not be unambiguously classified as USVs. The SASLab Pro 4.52 software was then 
used to count the numbers of 22-kHz and 50-kHz USVs, defined according to the criteria previously described 
(see Introduction and32). Since USV analysis is a labour-intensive procedure49,50, the analysis was limited to the 
calls emitted every other minute of recording for a total of 5 min analyzed. Moreover, the values of duration, 
minimum frequency, maximum frequency, and bandwidth (i.e., maximum frequency minus minimum 
frequency) were calculated for the individual calls analyzed. Finally, the 50-kHz USVs identified were further 
categorized according to their bandwidth in flat (i.e., calls with a bandwidth lower than 5000 Hz) and FM (i.e., 
calls with a bandwidth higher than 5000 Hz), as previously described51,52.

Statistical analysis
Means ± S.E.M. were calculated for: (i) the numbers of 22-kHz USVs; (ii) the numbers of 50-kHz USVs 
(total and categorized); (iii) the values of acoustic parameters (bandwidth, duration, maximum frequency, 
minimum frequency) emitted by each dyad of rats. One dyad of rats did not emit flat USVs and that dyad was 
excluded from the statistical analysis of flat calls only. Normality and homoscedasticity of data were tested with 
Kolmogorov-Smirnov and Levene tests. For normally distributed data, group differences were analyzed with 
t-test. Welch’s correction was applied if data did not show homoscedasticity. For non-normally distributed data, 
group differences were analyzed with the two-sample Kolmogorov-Smirnov test. The ROUT method (Q = 1%) 
was used to search for potential outliers, and no outliers were identified in the data collected. Statistical analyses 
were performed with Prism 8 (GraphPad, La Jolla, CA, USA) for Windows. Levene test was performed with 
an online calculator (https://www.socscistatistics.com/tests/). Group differences were considered statistically 
significant at p < 0.05.

Results
Emission of 50-kHz ultrasonic vocalizations
Number of calls
Dyads of HG rats emitted higher numbers of 50-kHz USVs when placed inside the test cage compared with 
dyads of CTRL rats (Fig. 1A), as shown by Welch’s t-test (t = 2.505, df = 11.37, p = 0.0286). Moreover, dyads of 
HG rats emitted higher numbers of flat calls (Fig. 1B) when placed inside the test cage compared with dyads of 
CTRL rats, as shown by two-sample Kolmogorov-Smirnov test (D = 0.6750, p = 0.0207). Finally, dyads of HG rats 
emitted higher numbers of FM calls (Fig. 1C) when placed inside the test cage compared with dyads of CTRL 
rats, as shown by Welch’s t-test (t = 2.328, df = 11.65, p = 0.0388).

Duration of calls
Dyads of HG rats emitted 50-kHz USVs of longer duration compared with calls produced by dyads of CTRL 
rats (Fig. 2A), as shown by Welch’s t-test (t = 3.208, df = 12.47, p = 0.0072). Moreover, dyads of HG rats emitted 
flat calls of longer duration compared with calls produced by dyads of CTRL rats (Fig. 2B), as shown by t-test 
(t = 4.625, df = 15, p = 0.003). Finally, dyads of HG rats emitted FM calls of longer duration compared with calls 
produced by dyads of CTRL rats (Fig. 2C), as shown by Welch’s t-test (t = 3.148, df = 12.20, p = 0.0083).

Minimum frequency of calls
Dyads of HG rats emitted 50-kHz USVs with a lower minimum frequency compared with calls produced by 
dyads of CTRL rats (Fig. 3A), as shown by t-test (t = 4.092, df = 16, p = 0.009). Moreover, dyads of HG rats emitted 
flat calls with a lower minimum frequency compared with calls produced by dyads of CTRL rats (Fig. 3B), as 
shown by t-test (t = 4.679, df = 15, p = 0.003). Finally, dyads of HG rats emitted FM calls with a lower minimum 
frequency compared with calls produced by dyads of CTRL rats (Fig. 3C), as shown by t-test (t = 3.779, df = 16, 
p = 0.0016).

Maximum frequency of calls
Dyads of HG rats emitted 50-kHz USVs with a lower maximum frequency compared with calls produced by 
dyads of CTRL rats (Fig. 4A), as shown by Welch’s t-test (t = 2.376, df = 12.19, p = 0.0347). Moreover, dyads of 
HG rats emitted flat calls with a lower maximum frequency compared with calls produced by dyads of CTRL 
rats (Fig. 4B), as shown by t-test (t = 4.667, df = 15, p = 0.003). Finally, dyads of HG rats emitted FM calls that had 
a trend towards a lower maximum frequency compared with calls produced by dyads of CTRL rats (Fig. 4C). 
However, this effect did not reach statistical significance, as shown by t-test (t = 1.618, df = 16, p = 0.1251).

https://www.socscistatistics.com/tests/
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Bandwidth of calls
Dyads of HG rats emitted FM 50-kHz USVs with a broader bandwidth compared with calls produced by dyads 
of CTRL rats (Fig. 5C), as shown by two-sample Kolmogorov-Smironov test (D = 0.6500, p = 0.0303). Conversely, 
when the total (t-test; t = 0.5375, df = 16, p = 0.5983) and flat (t-test; t = 1.301, df = 15, p = 0.5983) 50-kHz USVs 
were considered, no significant changes in call bandwidth were observed between dyads of HG and CTRL rats 
(Fig. 5A, B).

Emission of 22-kHz ultrasonic vocalizations
The emission of 22-kHz USVs was observed only in 3 dyads of HG rats, and no emission of 22-kHz USVs 
occurred in CTRL rats. Dyads of HG rats emitted “typical” 22-kHz USVs (i.e., duration > 300 ms, maximum 
frequency < 32 kHz), as well as 22-kHz USVs that were either preceded or followed by signals in the 50-kHz band 
of calls. The numbers and acoustic parameters of the 22-kHz USVs analyzed are described in Table 1. Figure 6 
shows examples of 22-kHz USVs recorded in the present study.

Fig. 2.  Duration of the 50-kHz USVs emitted by dyads of CTRL and HG rats. The figure shows the average 
duration, calculated for each dyad of rats, of the total number of 50-kHz USVs (A) and of the flat (B) and 
the frequency modulated (C) 50-kHz USVs analyzed. * p < 0.05, compared with CTRL rats. N = 8 dyads for 
CTRL rats; N = 10 dyads for HG rats. CTRL = control; FM = frequency modulated; HG = hyperglycaemic; 
USVs = ultrasonic vocalizations.

 

Fig. 1.  Numbers of 50-kHz USVs emitted by dyads of CTRL and HG rats. The figure reveals the total number 
of 50-kHz USVs (A) and the numbers of flat (B) and frequency modulated (C) 50-kHz USVs emitted by dyads 
of rats. Panel D illustrates examples of 50-kHz USVs recorded in the present study. * p < 0.05, compared with 
CTRL rats. N = 8 dyads for CTRL rats; N = 10 dyads for HG rats. CTRL = control; FM = frequency modulated; 
HG = hyperglycaemic; USVs = ultrasonic vocalizations.
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Discussion
Although awareness of the effects of DM on superior brain domains and emotional state has been on the rise 
lately, further research is warranted in this respect. A significant contribution may come from investigations in 
animal models of DM, which allow determining the effects of hyperglycaemia on neurocircuits that regulate 

Fig. 5.  Bandwidth of the 50-kHz USVs emitted by dyads of CTRL and HG rats. The figure displays the 
average bandwidth, calculated for each dyad of rats, of the total of 50-kHz USVs (A), and of the flat (B) and 
the frequency modulated (C) 50-kHz USVs analyzed. * p < 0.05, compared with CTRL rats. N = 8 dyads for 
CTRL rats; N = 10 dyads for HG rats. CTRL = control; FM = frequency modulated; HG = hyperglycaemic; 
USVs = ultrasonic vocalizations.

 

Fig. 4.  Maximum frequency of the 50-kHz USVs emitted by dyads of CTRL and HG rats. The figure shows 
the average maximum frequency, calculated for each dyad of rats, of the total number of 50-kHz USVs 
(A), and of the flat (B) and the frequency modulated (C) 50-kHz USVs analyzed. * p < 0.05, compared with 
CTRL rats. N = 8 dyads for CTRL rats; N = 10 dyads for HG rats. CTRL = control; FM = frequency modulated; 
HG = hyperglycaemic; USVs = ultrasonic vocalizations.

 

Fig. 3.  Minimum frequency of the 50-kHz USVs emitted by dyads of CTRL and HG rats. The figure displays 
the average minimum frequency, calculated for each dyad of rats, of the total number of 50-kHz USVs 
(A) and of the flat (B) and the frequency modulated (C) 50-kHz USVs analyzed. * p < 0.05, compared with 
CTRL rats. N = 8 dyads for CTRL rats; N = 10 dyads for HG rats. CTRL = control; FM = frequency modulated; 
HG = hyperglycaemic; USVs = ultrasonic vocalizations.
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emotional states, and disclosing how these effects alter behaviour. However, earlier studies in rodents have only 
partially characterized the effects of diabetic hyperglycaemia on emotional states, possibly because of the use of: 
(i) paradigms that poorly reflected the chronicity of the diabetic condition, and (ii) behavioural readouts that 
most effectively capture the presence of negative rather than positive emotional states16–20.

In the current study, we used an experimental rat model of long-term (i.e., 5-months) hyperglycaemia, 
where we have previously demonstrated the presence of abnormalities in affiliative/exploratory and aggression-
related behaviours, possibly depending on an underlying alteration in the emotional state22. Consistent with this 
view, we found that long-term HG male rats displayed a heightened emission of 50-kHz USVs, a behavioural 
marker of positive emotional states44, when evaluated in dyads of unacquainted subjects, compared with CTRL 
rats. In the same experimental conditions, an increased emission of 22-kHz USVs, a behavioural marker 
of negative emotional states33, was observed in a small part (3 dyads on a total of 10 dyads) of the HG rats 
evaluated. Accordingly, the heightened calling behaviour we observed here may indicate that long-term diabetic 
hyperglycaemia alters the emotional state by increasing both positive and negative affect in rats.

The emission of 50-kHz USVs is initiated by the activation of the dopaminergic mesocorticolimbic system, 
particularly in the shell of the nucleus accumbens (NAc)53,54. In this regard, it is noteworthy that we have 
demonstrated in the same model of long-term HG rats used in the present study a significant degeneration of 
dopaminergic nuclei in the midbrain39, namely the substantia nigra pars compacta and the ventral tegmental 
area, the latter projecting to the NAc shell. We and others have also found that an increased emission of 50-kHz 
USVs may occur in dopamine-denervated rats in response to either non-pharmacological or pharmacological 
stimuli55–58. A persistent denervation of dopaminergic systems may result in the instatement of dopamine 
receptor supersensitivity in striatal and cortical regions59–61. Hence, increased responsiveness of dopamine 
receptors in long-term HG rats could result in a heightened emission of 50-kHz USVs, consistent with the 
current results. Moreover, the neurodegeneration of dopaminergic systems occurring in our model of long-
term diabetic hyperglycaemia may result in a decrease in tonic dopamine transmission in the striatum39. Tonic 
dopaminergic firing consists in the slow and irregular neurotransmitter release generated by the pacemaker 
activity of mesencephalic neurons, that maintains a baseline level of dopamine in the striatum62. When striatal 
dopamine tonicity is low, phasic dopamine release becomes more relevant. On the other hand, phasic firing 
consists in a stimulus-mediated discharge of spikes in a short amount of time62, which raises the levels of striatal 
dopamine above the baseline, acting as a signal that directs attention to a salient stimulus. When produced in 
response to a salient stimulus, like the exposure to a conspecific, phasic firing might cause inappropriately intense 
reactions63. Therefore, the possible imbalance in tonic-phasic striatal dopamine transmission may be another 
mechanism explaining the heightened emission of 50-kHz USVs observed in our model of long-term HG rats. 
It may be speculated that the increased calling behaviour observed in our long-term HG rats also depended, at 

Fig. 6.  Examples of 22-kHz USVs recorded in the present study. USV = ultrasonic vocalization.

 

Total Number
Average number 
per dyad

Average duration per 
dyad (ms)

Average minimum 
frequency per dyad (Hz)

Average maximum 
frequency per dyad (Hz)

Average 
bandwidth per 
dyad (Hz)

Typical 22-kHz USVs 106 35.33±12.55 804.91±129.23 19949.09± 525.72 24173.69± 849.39 4210.24± 398.63

22-kHz USVs with 50-kHz 
components 72 24±8.96 597.94±57.23 21660.35±684.93 42442.89±2932.73 20782.54±1711.91

Table 1.  Numbers and acoustic parameters of 22-kHz USVs analyzed in the present study. USVs = ultrasonic 
vocalization.
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least in part, on the presence of functional/structural changes affecting non-dopaminergic neurotransmitter 
pathways, that are known to regulate the emission of USVs38,42,64–67. However, further studies are warranted 
to confirm this hypothesis, since the effects of long-term hyperglycaemia on non-dopaminergic transmitter 
pathways in the rat brain are still undefined.

Analysis of categorized 50-kHz USVs revealed that long-term HG rats emitted higher numbers of both FM 
and flat calls, compared with CTRL rats. The increased emission of FM 50-kHz USVs suggests that long-term 
diabetic hyperglycaemia is associated with an increase in positive affect, since FM calls are envisioned as the 
category of 50-kHz USVs more closely related to the presence of positive emotional states in rats68. Conversely, 
emission of flat 50-kHz USVs is generally considered a way for rats to coordinate social contacts69. Since the 
emission of USVs may also express the state of arousal29, the increased emission of flat 50-kHz USVs in long-
term HG rats may be consistent with a heightened arousal for social stimuli in these animals22. However, it 
cannot be ruled out that the heightened emission of flat calls somehow reflects the presence of changes in the 
emotional state of long-term HG rats. Indeed, previous studies have demonstrated that the psychostimulant 
amphetamine, which possesses rewarding properties, significantly elevates the emission of flat 50-kHz USVs 
in rats34,48,52,66,70,71. Conversely, another study has suggested that rats may emit flat 50-kHz USVs to indicate 
the presence of a negative emotional state of mild intensity72. Thus, the increased emission of flat 50-kHz USVs 
observed in this study could also signal the presence of negative affect in long-term HG rats. This hypothesis 
may also be consistent with our observations showing that some long-term HG rats emitted 22-kHz USVs, 
considered a marker of negative emotional state33.

In this study, long-term diabetic hyperglycaemia affected the acoustic parameters of the 50-kHz USVs emitted 
by rats. When considered globally, the calls emitted by HG rats displayed longer duration as well as reduced 
minimum and maximum frequency, but no significant changes in bandwidth, compared with the calls emitted 
by CTRL rats. Similar changes were observed in the acoustic parameters of flat and FM 50-kHz USVs, although 
the bandwidth of FM calls was found to be broader in HG rats compared with CTRL rats. These changes in 
the acoustic parameters of 50-kHz USVs could be a direct consequence of the toxic effects of hyperglycaemia 
on dopamine transmission39. Indeed, earlier investigations have demonstrated that the acoustic parameters of 
50-kHz USVs are altered in experimental rat models of dopaminergic hypofunction/neurodegeneration, with a 
reduction in the values of bandwidth, duration and maximum frequency of calls being generally observed55,57,73. 
These alterations are thought to depend on a deterioration of the laryngeal mechanisms that mediate the 
production of calls after dopaminergic hypofunction74,75. However, it is noteworthy that the modifications in the 
acoustic parameters of 50-kHz USVs observed in our experimental model of diabetes overlap only partially with 
those previously reported in models of dopaminergic hypofunction/neurodegeneration, since the calls emitted 
had increased, rather than decreased, values of duration and, for FM calls only, bandwidth. Accordingly, we 
hypothesise that changes in the acoustic parameters of the 50-kHz USVs produced by long-term hyperglycaemic 
rats could either: (i) reflect the presence of different modifications in laryngeal function compared to those 
occurring in rat models of dopaminergic hypofunction; (ii) or reflect an original behavioural significance, yet 
to be determined.

By demonstrating the presence of quantitative and qualitative changes in the emission of USVs in long-
term HG rats, the present study proposes that measuring ultrasonic calling behaviour may be a pertinent and 
original approach to investigate how hyperglycaemia influences the emotional state in rat models of diabetes. 
Nevertheless, the present study has some potential limitations:

 

1.	    we observed variability in the numbers of USVs emitted by HG and CTRL rats, similar to what previously 
reported in rats exposed to either non-pharmacological or pharmacological stimuli34,43,66,69,76.

2.	      it has been speculated that the emission of USVs in rats may not be solely a behavioural marker of emo-
tional states77–79. For example, studies in rats treated with psychoactive drugs have suggested that the emis-
sion of 50-kHz USVs may reflect, in part, the occurrence of phenomena unrelated to the drugs’ affective 
properties79, such as the presence of overactivation/supersensitivity of dopamine transmission58,71,80–82. 
Importantly, supersensitivity of striatal dopamine receptors may be caused by the degeneration of dopa-
minergic nuclei in the midbrain59–61, which we have previously demonstrated in the model of long-term 
hyperglycaemia used in the present study39. Moreover, it may be speculated that the alterations in calling 
behaviour observed in long-term HG rats depend, at least in part, on the noxious effects that hyperglycae-
mia has on peripheral nerves and organs. For example, peripheral neuropathy has been demonstrated in 
rodent models of diabetic hyperglycaemia19,83; hence, pain and loss of sensation could influence calling 
behaviour of HG rats. Previous studies have documented the emission of USVs in experimental models 
of pain (reviewed in77). However, it remains disputed whether ultrasonic calling behaviour is a correlate 
of the physical intensity of pain or rather reflects the emotional component of pain84–87. Furthermore, 
ear damage and hearing dysfunction have been reported in rodent models of diabetes88,89. A recent study 
has demonstrated that hearing loss may affect the emission of USVs in adult rats, by showing a transient 
reduction in calling behaviour in deafened rats that were tested in dyads90. However, in the present study 
we observed an increased, rather than a decreased, emission of USVs in dyads of HG rats. This finding 
suggests that further investigation is needed to clarify the link between ear damage and emission of USVs 
in rat models of diabetes.

3.	      Measuring the emission of USVs alone provides only a partial index of affect79. Therefore, further 
investigations in rat models of diabetes are warranted that simultaneously evaluate the emission of USVs 
and the changes in other behaviours (e.g., maze exploration, immobility) that are classically evaluated as a 
measure of altered emotional states. These future investigations should also evaluate the effects that phar-
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macological treatments with glucose-lowering and/or psychoactive drugs may have on calling behaviour 
in rat models of DM.

4.	      It has yet to be precisely determined how specific categories of 50-kHz USVs and changes in the acoustic 
parameters of calls communicate the modifications in the emotional state or, more in general, the home-
ostatic state of rats.

5.	      Finally, the present study was performed only in male animals exposed to a single type of stimulus (i.e., 
pairing with a same-sex conspecific). Thus, we cannot rule out the possibility that the effects of long-term 
hyperglycaemia on the emission of USVs may depend, at least in part, on the biological sex of rats and/or 
on the stimulus used to elicit calling behaviour (for example, pharmacological stimuli; see point 3).   

Conclusions
The current study demonstrates the existence of a heightened emission of USVs stimulated by the exposure 
to a same-sex conspecific and of modifications in the acoustic parameters of calls in long-term HG male rats. 
Since changes in the emission of USVs may reflect the presence of alterations in the emotional state of rats, 
these results propose that measuring the emission of USVs may become a relevant approach for studies using 
rat models of diabetic hyperglycaemia to investigate, at the preclinical level, the changes in the emotional state 
associated with diabetes or other metabolic diseases.

Data availability
The datasets generated and analysed during the current study are available from the corresponding author on 
reasonable request.
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