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The mammalian diving reflex is a response to underwater submersion that 
consists of several independent reflexes that result in apnea, dramatically reduced 
heart rate, and altered blood flow to maintain proper perfusion of the heart and 
brain. The diving response is a very potent and interesting reflex with large effects 
on the whole body. Panneton et al (2010) consider it, ‘the most powerful autonomic 
reflex known’. 

When the nares of the animal are submerged, free nerve endings supplied 
by the anterior ethmoidal nerve (AEN) are stimulated. The AEN projects to the 
medullary dorsal horn (MDH). This in itself is interesting because the MDH is a 
nociceptive region. Intuitively it seems like the act of diving is not painful. Yet the 
afferent limb of this reflex seems to be using a nociceptive pathway. The efferent 
aspect of this pathway involves the external formation of the nucleus ambiguus. 
However, very little is known regarding how the MDH associates with the efferent 
parasympathetic limb. 

One of the first steps taken to ‘fill in the gap’ was to identify what type of 
pathway this relay could be. It has been shown previously that an intact 
glutamatergic trigeminal pathway is needed to generate the cardiac response seen 
when diving. This is significant because glutamate is the main excitatory 
neurotransmitter within the central nervous system, involved in nearly all functions 
in the brain and spinal cord.  

Another study showed that nasal stimulation increased the activity of 
MDH neurons as indicated by c-fos staining and also increased staining for NMDA 
neurons. C-fos serves as an activity marker in the area that it is expressed. Thus, 
when microscopy reveals a cell that has been labeled for both fos and a particular 
receptor subtype, we can say that this cell was actively responding to the diving 
behavior and contains the receptor we are interesting in studying. 

Since we know that an intact glutamatergic pathway is necessary, and is 
the primary excitatory pathway, this experiment will focus on determining the role 
of glutamate receptors during the mammalian diving response. There are eight 
subtypes of the glutamate receptor (1-8). In this experiment we will focus on the 2 
and 3 subtypes (GluR2/3) because GluR2/3 is highly expressed in the dorsal horn of 
the spinal cord.

We predict that the MDH region will show colocalization of staining for 
fos and the GluR2/3 receptor. Further, we predict that the greatest amount of fos and 
GluR2/3 co-localization will occur in the superficial MDH because it is this lamina 
that is responsible for nociception. The deeper laminae are more involved with touch 
and proprioception so we do not expect to see as much staining there.

Dive Training: Male Sprague-Dawley rats (n = 4) were trained to gradually
swim longer distances along a large water-filled plexiglass tank. After swim
training, the rats were trained to dive by setting up the maze so that swimming
underwater is necessary to complete the maze. The rats will be trained twice a
day, and 5 days/week for three weeks. Once completely trained, each rat
repetitively dove the entire length of the maze every 5 minutes for 2 hours. The
repetitive diving induced the expression of Fos in brainstem neurons activated
during diving. The rat was held for 30 seconds prior to each dive and allowed to
rest in the finish area for 1 minute after each dive. After this run, the rats were
perfused transcardially and fixed in 4%PFA.

Immunohistochemistry: The perfused brains were sliced in serial coronal
sections of 50micron thickness in preparation for staining. After washing and
blocking the sections, they were incubated in primary antibody specific to the
Glutamate receptor of interest (Glu R2/3). The tissue was also incubated with an
antibody to the immediate early gene protein c-fos. Then, the tissue was
incubated in secondary antibodies that contained a fluorescent tag. The
secondary antibody + primary antibody + receptor/fos complex was then
visualized via fluorescent microscopy.

Visualization: The Nikon E600 epifluorescent microscope was used to count
Fos positive neurons in the superficial and deep medullary dorsal horn. Fos was
also counted in the paratrigeminal nucleus. Due to the fluorescent tags used, fos
positive neurons stained green (nuclear) whereas neurons positive for the
Glutamate receptor stained red. This way, once all the fos positive neurons were
identified, we were able to go back and identify neurons that showed
colocalization of the receptor.

Data analysis: Fos and receptor colocalization was counted on every
hemisection that contained MDH in all animals. The data is presented here in
terms of cells counted per hemisection. Data analysis and significance testing
was performed using SigmaStat software.

Methods

Figure 3: Dive:NH3 Comparsion
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FIGURE 1: Experiment Design

Conclusions
We were able to show colocalization of fos and GluR2/3 in the MDH.

Both fos expression and level of colocalization of the receptor were
significantly greater in the MDH when compared to the paratrigeminal nucleus.
However, there was significantly more fos in the deeper laminae of the MDH,
and ample GluR2/3 expression in the deep MDH as well.

As we mentioned before, the deeper laminae of the MDH relay
sensations of touch and proprioception more so than nociception. Further, based
on ammonia stimulation of sedated rats, it has been previously identified that the
majority of staining is present in the superficial MDH. It is possible that in the
free diving paradigm, the rats are getting additional stimulation from navigating
the maze. There are also environmental variables such as light, noise, and
temperature that might be affecting the staining in the MDH. However,
considering that the superficial MDH still showed significantly more fos and
colocalization than the paratrigeminal nucleus, we can conclude that GluR2/3
receptors are expressed and involved in further processing of the afferent limb
of the diving response.

Panel 2: Confocal images confirming colocalization
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Abbreviations: superficial MDH (SMDH), deep MDH (DMDH) and paratrigeminal nucleus (PT).

5 m long Plexiglass Water Maze used to train rats to swim and dive. The maze consists 
of a start elevator, 5 channels and a finishing platform. Plexiglass sheets were used to 
cover the channels to induce sustained diving in the rats.     

The focal area for this experiment is the ventral portion (below the 
red dotted line) of the SMDH, DMDH and PT, where Fos-positive 
neurons are observed following voluntary diving.

Panel 1: Fos & GluR2/3 Immunohistochemistry
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*Our results showed significantly more colocalization in
deep and superfical laminae of the MDH compared to the
paratrigeminal nucleus.
*Although the colocalization percentage is higher in the
superficial MDH as compared to deep, it was not
significantly greater.
(all one way ANOVA with P < 0.050)

Results
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*The cell counts showed a significantly greater number of
fos positive neurons as well as greater number of
colocalized neurons in the deeper laminae of the MDH.
(all one way ANOVA with P < 0.050)

Panel 1: Photomicrographs showing Fos and GluR2/3 immunohistochemistry. A, D, G: Fos positive neurons in the
MDH labeled with green fluorescence. B, E, H: GluR2/3 receptor expression within MDH labeled with red
fluorescence. C, F, I: Composite image of Fos and GluR2/3 staining. Filled arrowheads indicate neurons showing
colocalization. Open arrowheads indicate neurons showing GluR2/3 staining only. Double arrowheads indicate
neurons showing Fos staining only.Top row = 10X; scale bar in C =100 micron. Middle row = 20X; scale bar in F
= 25 microns. Bottom row = 40X; scale bar in I =25 microns.
*Area demarcated by white box in panels A, B, C is the field of G, H, I.

NH3 stimulated tissue Freely diving tissue

From the above figures, one can see the gross difference in the staining
patterns observed with an anesthetized animal stimulated by ammonia vapors
versus a freely diving animal. Ammonia stimulation results in staining that is
mostly restricted to the superficial laminae of the MDH with very little
staining in the deeper laminae. Freely diving animals show a diffuse staining
pattern all across the MDH. This could be due to the additional stimulation
(noise, grooming, temperature flux) the rats receive with the free dive
paradigm.
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